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Abstract.We recently proposed to cross-correlate the diffuse extragalactic γ-ray background
with the gravitational lensing signal of cosmic shear. This represents a novel and promising
strategy to search for annihilating or decaying particle dark matter (DM) candidates. In the
present work, we demonstrate the potential of a tomographic-spectral approach: measuring
the cross-correlation in separate bins of redshift and energy significantly improves the sensi-
tivity to a DM signal. Indeed, the technique proposed here takes advantage of the different
scaling of the astrophysical and DM components with redshift and, simultaneously, of their
different energy spectra and different angular extensions. The sensitivity to a particle DM
signal is extremely promising even when the DM-induced emission is quite faint. We first
quantify the prospects of detecting DM by cross-correlating the Fermi Large Area Telescope
(LAT) diffuse γ-ray background with the cosmic shear expected from the Dark Energy Sur-
vey. Under the hypothesis of a significant subhalo boost, such a measurement can deliver a
5σ detection of DM, if the DM particle is lighter than 300 GeV and has a thermal annihilation
rate. We then forecast the capability of the European Space Agency Euclid satellite (whose
launch is planned for 2020), in combination with an hypothetical future γ-ray detector with
slightly improved specifications compared to current telescopes. We predict that the cross-
correlation of their data will allow a measurement of the DM mass with an uncertainty of
a factor of 1.5–2, even for moderate subhalo boosts, for DM masses up to few hundreds of
GeV and thermal annihilation rates.
Keywords: dark matter theory, weak gravitational lensing, γ-ray experiments.
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1 Introduction
A tremendous experimental effort is underway with the goal of delivering the first non-
gravitational detection of dark matter (DM). Indeed, despite its huge abundance [1], very
little is known about the true nature of DM, and the community is eager for new and
innovative ideas able to finally pin down its properties.
In Ref. [2] (Paper I), we demonstrated, for the first time, how is possibile to single out
distinctive DM signatures in the cross-correlation between the so-called extragalactic γ-ray
background (EGB) and the weak lensing effect of cosmic shear—an unbiased tracer of the
matter distribution in the Universe.
The EGB is the residual emission remaining after the contribution of the resolved γ-ray
sources (both point-like and extended) and of the Galactic foreground (due to the interaction
of cosmic rays with the Galactic interstellar medium and radiation fields) are subtracted from
the total γ-ray radiation. The latest measurement of the EGB was performed by the Large
Area Telescope (LAT) instrument on the Fermisatellite over the energy range between 100
MeV and 820 GeV [3]. Unresolved astrophysical sources like blazars [4–10], misaligned Active
Galactic Nuclei (mAGNs) [9, 11] and star-forming galaxies (SFGs) [12–14] are guaranteed
components to the EGB, but γ rays produced by DM annihilations or decays in Galactic
or extragalactic (sub)haloes may also play a relevant roˆle (see Refs. [15–24], amongst others
and Ref. [25] for a recent review).
In Ref. [26], Fermi-LAT measured the auto-correlation angular power spectrum (APS)
of the EGB, reporting a Poisson-like signal with a significance ranging from 7.1σ (between 2
and 5 GeV) to 2.4σ (between 10 and 50 GeV). The measurement of the intensity and of the
auto-correlation APS of the EGB can be used to reconstruct its composition and constrain
the DM-induced component (see e.g. Refs [24, 27, 28]). The picture that arises suggests
that unresolved blazars can explain the whole auto-correlation signal [8, 27], whereas they
are responsible for only . 25% of the EGB intensity [7, 9, 10]. Thus, other contributions are
needed to reproduce the whole EGB intensity, while being more isotropic than blazars, in
order not to overshoot the auto-correlation APS data.
Cross-correlating the EGB with other observables can provide additional and comple-
mentary information (some possibilities are summarised in Ref. [29]). In Paper I, we demon-
strated that the cross-correlation with the cosmic shear is particularly compelling since, in
this case, the contribution of unresolved blazars is subdominant. Such a signal is, therefore,
more sensitive to components that would be difficult to isolate by the study of the EGB
intensity or of its auto-correlation APS.
The cosmic shear is a statistical measure of the distortions of the image of distant
galaxies due to the weak gravitational lensing produced by the matter present between the
galaxies and the observer [30–33]. It is expected to cross-correlate with the EGB since the
same distribution of matter acting as gravitational lens is also responsible for the γ-ray
emission, either through annihilations (or decays) of DM or because DM structures host
astrophysical γ-ray emitters.
In Paper I, we computed the cross-correlation APS between the cosmic shear expected
from the Dark Energy Survey (DES) [34] or the Euclid satellite [35, 36]1 and the γ-ray emis-
sion produced by different classes of sources, namely DM extragalactic (sub)haloes, blazars
and SFGs. Results are extremely promising and they suggest that DM haloes can be respon-
sible for the largest cross-correlation signal (both in the case of annihilating and decaying
1http://www.euclid-ec.org/
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DM): the analysis of 5 years of Fermi-LAT data may already be enough to detect DM-induced
signatures in the cross-correlation with cosmic shear.
Since Paper I, Ref. [37] measured the 2-point correlation function of the Fermi-LAT
data gathered until January 2014 with the cosmic shear detected by the Canada-France-
Hawaii Telescope Lensing Survey (CFTHLenS) [38]. Their measurement was consistent with
no signal and the null detection was used to derive constraints on the DM annihilation cross
section. For a light DM particle and for specific annihilation channels, the upper limits of
Ref. [37] approach the ‘thermal’ value of 3× 10−26 cm3 s−1 for the annihilation cross-section.
This fact additionally proves the potential of the cross-correlation between γ-ray emission
and cosmic shear for the indirect detection of DM.
Along the same line, the cross-correlation of the EGB with other tracers of the cosmic
large-scale structure is also a potentially valuable technique to infer the composition of the
EGB and to disentangle a DM contribution [29, 39–41]. In particular, Ref. [42] found the first
evidence of a cross-correlation between the weak lensing of the cosmic microwave background
(CMB) and the EGB. Since the kernel of the CMB lensing peaks at a redshift z ∼ 2, this
observable is more suited to constraint astrophysical contributions to the EGB. Indeed, their
emission mostly comes from intermediate z, while the DM-induced signal peaks at lower
redshift, as we shall discuss later. More recently, Ref. [43] reported the first detection of
a cross-correlation between γ-ray emission and galaxy catalogues, while Ref. [44] discussed
the implication of such a measurement for DM searches. Despite being very promising to
reveal a DM-induced γ-ray emission [29, 40, 41], low-redshift galaxy catalogues trace light
and, therefore, are a biased tracer of the distribution of DM [29]. On the other hand, cosmic-
shear is a direct measurement of the DM distribution in the Universe.
In the present work, we investigate the importance of a combined tomographic and spec-
tral approach in the study of the cross-correlation between cosmic shear and γ-ray emission—
where by ‘tomographic’ and ‘spectral’ we mean the exploitation of the redshift and energy
dependence of the observables. Moreover, with respect to Paper I, we complement our model
of the EGB by including the contribution of unresolved mAGNs. Such a component, together
with unresolved SFGs, is associated to a quite large cross-correlation APS. Unresolved SFGs
and mAGNs, which are most probably responsible for the majority of the EGB intensity,
represent the largest astrophysical backgrounds when looking for DM signatures in the cross-
correlation. However, the abundance of those classes of sources as a function of redshift
is quite different from that of DM. Tomography takes advantage of this fact, isolating the
cross-correlation APS in different redshift bins and studying how the it changes as a function
of redshift. This is expected to enhance our capability to dissect the EGB into components
and to discriminate DM from astrophysical contributions.
Here, we also investigate how performing the analysis in different bins in energy can
further increment the possibility of distinguishing between astrophysical sources (typically
characterised by power-law spectra) and the emission expected from DM. As we will show
below, the spectral analysis is also crucial to infer the DM microscopic properties, allowing
us to lift the degeneracy between its mass and annihilation/decay rate—both entering the
computation of the cross-correlation signal.
Our final aim is to fully exploit the complementary information coming from the angular,
redshift, and spectral distribution of the extragalactic signal. The analysis will focus on
the expected weak lensing observations from DES (whose data and maps will be available
in the near future, if not already as in Ref. [45]) and Euclid, which will be launched in
2020 and will have an optimal sensitivity to the cosmic shear signal. For what concerns γ
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rays, we will consider 10 nominal years (i.e. after cuts) of data from Fermi-LAT (available,
approximately, at the end of the expected lifetime of the mission), and a possible near-future
instrument similar to Fermi-LAT but with improved capabilities (dubbed ‘Fermissimo’, just
for definiteness). The cross-correlation of 10 years of Fermi-LAT data with DES represents
a scenario available in the near future, while the combination of ‘Fermissimo’ a Euclid will
be possible on a longer timescale.
Apart from computing the sensitivity of the tomographic-spectral approach to the de-
tection of DM in the cross-correlation APS between the EGB and cosmic shear, we will
also estimate the precision with which such a measurement can determine the properties of
DM, e.g. its mass and its annihilation or decay rates. This will be achieved by means of
a statistical analysis based on the Fisher information matrix technique [46]. The method is
extremely flexible and it allows for a systematic scrutiny of the main uncertainties pertaining
our modelling of the DM distribution and the astrophysical sources contributing to the EGB.
The paper is organised as follows: the main results are presented in Sec. 6, where we
derive forecasts for DM detection/bounds, whilst Sec. 4 introduces our tomographic and
spectral technique. The Fisher analysis is described in Sec. 5. For the interested reader, in
Sec. 2 we summarise the details of the computation of the mean (all-sky averaged) γ-ray
emission associated with the classes of sources considered, as well as of the cosmic shear
signal. In Sec. 3 we derive the γ-ray auto-correlation APS of those sources, as well as their
cross-correlation APS with cosmic shear. We shall take special care in emphasising the
assumptions made and in estimating their impact on our results. Finally, conclusions are
drawn in Sec. 7.
Throughout the paper we assume a flat ΛCDM cosmology with cosmological parameters
as derived by the Planck satellite [1]. We also assume the standard weakly interacting massive
particle (WIMP) paradigm in which the DM particle has a mass mDM of the order of GeV-
TeV and its interactions are of the weak scale.
2 Intensity of γ-ray emission and cosmic shear
In this section, we introduce the formalism adopted when describing the γ-ray emission
produced by different classes of sources, as well as the intensity of the cosmic-shear signal.
In this common framework, an observable X(χ, nˆ) can be written as
IX(nˆ) =
∫
dχX(χ, nˆ) =
∫
dχ gX(χ, nˆ)W˜
X(χ). (2.1)
Depending on the observable considered, IX(nˆ) indicates the γ-ray emission expected from
a given class of sources or the intensity of the shear signal from the direction nˆ in the sky.
Here, χ = χ(z) is the comoving distance at redshift z and, for a flat Universe, dχ = c/H dz
being c the speed of light and H(z) the Hubble rate. The observable X(χ, nˆ) is seeded
by the source field gX(χ, nˆ), which encodes the dependence on the line-of-sight direction,
nˆ. We define the window function WX(χ) (also called weight or selection function) as
WX(χ) ≡ 〈X〉(χ) = 〈gX〉(χ)W˜X(χ), where 〈·〉 stands for sky average. The mean intensity
〈IX〉 can simply be written as the integral of the window function, viz.
〈IX〉 =
∫
dχWX(χ). (2.2)
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In the following, we will derive the window functions for the γ-ray emission from different
classes of sources (Secs. from 2.1.1 to 2.2.2), as well as the window function for the cosmic
shear (Sec. 2.3).
2.1 Dark matter
2.1.1 Annihilating dark matter
The γ rays produced by DM annihilations in (sub)haloes (X = γDMa) trace the DM density
squared ρ2DM, so that gγDMa(χ, nˆ) = ρ
2
DM(χ, nˆ). Following Ref. [29] and references therein,
the window function for annihilating DM can be written as follows:
W γDMa(χ) =
(ΩDMρc)
2
4π
〈σav〉
2mDM2
[1 + z(χ)]3∆2(χ)
∫
∆Eγ
dEγ
dNa
dEγ
[Eγ(χ)] e
−τ [χ,Eγ(χ)], (2.3)
where ΩDM is the cosmological abundance of DM, ρc is the critical density of the Universe
and z(χ) is the redshift corresponding to the comoving distance χ. dNa/dEγ indicates the
number of photons produced per annihilation and its dependence upon the energy determines
the γ-ray spectrum, whilst 〈σav〉 is the velocity-averaged annihilation rate, assumed to be
the same in all haloes.
Different γ-ray production mechanisms can contribute to dNa/dEγ . At the energies of
interest for this paper (i.e. from a few to a few hundreds GeV) primary production is probably
the most important. In this case, γ rays are either produced directly in the annihilations of
the two DM particles (and therefore the photon yield is a monochromatic line) or they are
generated by hadronisation or radiative emission of the particles produced in the annihilations
(such as quarks, leptons, gauge or Higgs bosons). Robust predictions can be obtained for
dNa/dEγ , based on the results of events generators like PYTHIA [47], which is used in the
present work. Photon yields originated from the hadronisation of quarks or gauge bosons
share a quite common spectral shape, with a cut-off at energies equal tomDM. Hadronisations
of τ± leptons are associated with hard spectra. Possible bumps, localised close to the cut-off,
may occur due to final-state radiation or internal bremsstrahlung (for simplicity, we shall
only consider the former, since it is model independent). The photon yield in Eq. (2.3) is
integrated in an energy window ∆Eγ that will be established later balancing the necessity of
large statistics and the desire to consider small energy bins. The factor exp{−τ [χ,Eγ(χ)]}
accounts for the absorption due to the extragalactic background light and we model τ as in
Ref. [48]. Radiative emissions (most notably, inverse Compton scattering) also contribute
to the total DM-induced γ-ray production. However, for the sake of simplicity, they will
be neglected here, since they are more model dependent than prompt emission, and they
typically affect predictions only for multi-TeV DM annihilating into light leptons.
The last quantity in Eq. (2.3) is ∆2(χ), the so-called clumping factor. It measures how
much the γ-ray flux increases due to the clumpiness of the DM distribution. It reads
∆2(χ) ≡ 〈ρ
2
DM〉
ρ¯2DM
=
∫ Mmax
Mmin
dM
dn
dM
∫
d3x
ρ2h(x|M,χ)
ρ¯2DM
. (2.4)
Eq. (2.4) shows that ∆2(χ) is computed integrating the halo number density dn/dM above
the minimal halo mass Mmin after multiplying by the total number of annihilations produced
a generic halo of mass M at distance χ with density profile ρh(x|M,χ). The exact value
of Mmin is unknown and it depends on the free-streaming length of the DM particle, with
reasonable values ranging between 10−12M⊙ and 10
−3M⊙ [49, 50]. We consider a reference
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value of 10−6M⊙, but we also report our results for a much more conservative value of 10
7M⊙.
This represents the smallest mass scale for which we have an indirect evidence of DM haloes
from the study of the stellar dynamics in the dwarf spheroidal galaxies of the Milky Way.
Mmin = 10
7M⊙ is the minimum mass assumed for one of the three benchmarks that will be
considered later for ∆2(χ). We refer to this as the ns scenario and we further assumes that,
in this case, subhaloes provide a negligible contribution to the DM-induced γ-ray emission.
The ns model is, thus, a very conservative scenario. The maximal halo mass Mmax will
always be set to 1018M⊙ and its value has only a minor impact on the results.
Many quantities in Eq. (2.4) can be derived from N -body simulations: we take the halo
mass function from Ref. [51] and we assume that haloes are characterised by the Navarro-
Frenk-White (NFW) universal density profile [52]. The profile is completely determined by
the total mass of the halo and by its size. We express the latter in terms of the concentration
parameter c(M), taken as a function of the halo massM from Ref. [53]. Even though N -body
simulations provide valuable information for massive DM haloes, unfortunately they do not
cover the mass range considered in Eq. (2.4). Below their mass resolution our knowledge
is poor and one has to resort to debatable assumptions. In the following sections, we shall
assume that haloes with a mass below 1010M⊙ are still well described by a NFW profile
with a mass function from Ref. [51], but we adopt the c(M) relation presented in Ref. [54],
renormalised so that it gives the same concentration as the model from Ref. [53] at 1010M⊙.
The resulting c(M) at low masses is within the uncertainty band of Fig. 1 in Ref. [55].
One additional source of uncertainty is the amount of subhaloes hosted by main haloes.
We consider two scenarios—dubbed low and high—as extreme cases bracketing the effect of
subhaloes. The low scenario follows the procedure introduced in Ref. [56] and encodes the
results of Ref. [57]. The high scenario stems from the results of Ref. [58] and is implemented
by means of the semi-analytical approach described in Ref. [24]. Note that, when subhaloes
are included in the computation of the DM-induced γ-ray emission, the last factor in Eq. (2.4)
has to be changed into
∫
dV ρ2h(x|M,χ)[1 + B(M,χ)]/ρ¯2DM, where B(M,χ) is the subhalo
boost factor. Again, for low and high we take Mmin = 10
−6M⊙.
The blue curves in the left panel of Fig. 1 show the window functions of Eq. (2.3) for
annihilating DM in the high, low, and ns scenarios. The corresponding contributions to
the average γ-ray intensity is shown in the left panel of Fig. 2. Results are presented for
a benchmark DM particle with mDM = 100 GeV, ‘thermal’ 〈σav〉 = 3 × 10−26 cm3s−1 and
an annihilation channel into bb¯ quarks. Note that the three clustering scenarios (ns, low
and high for dotted, solid and dashed curves, respectively) share approximately the same
redshift dependence, but they correspond to different intensities for the clumping factor and,
consequently, for the DM-induced γ-ray flux. Note that a comparison with previous works
in the literature can be non-trivial, as different groups employ different prescriptions for the
DM clustering and, in particular, for the boost factor (see, e.g., Refs. [23, 24]). Fig. 2 can be
useful as a normalisation test when confronting the result presented in the rest of the paper
with other works.
2.1.2 Decaying dark matter
If DM produces γ rays by particle decay (X = γDMd), the source field traces the DM density
linearly, i.e. gγDMd(χ, nˆ) = ρDM(χ, nˆ). Thence, the window function is [29]
W γDMd(χ) =
ΩDMρc
4π
Γd
mDM
∫
∆Eγ
dEγ
dNd
dEγ
[Eγ(χ)] e
−τ [χ,Eγ(χ)]. (2.5)
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Figure 1. Redshift dependence of the window function for the various signals described in the text.
The window functions for γ rays are integrated above E > 1 GeV and normalised to the total EGB
intensity measured by the Fermi-LAT telescope [3, 59] above 1 GeV, in order to ease comparison.
The shear signal is normalised so that the integral of the window function over χ equals 1. The solid
(dashed) black line in left panel indicates the window function for cosmic shear from Euclid (DES).
The solid (dashed) blue line corresponds to annihilating DM in the low (high) scenario, whilst the
dotted blue line represents the ns model. The solid green line stands for decaying DM. The WIMP
mass is set to 100 GeV (200 GeV) for annihilating (decaying) DM. The annihilation cross section is
〈σav〉 = 3 × 10−26 cm3s−1, whereas the decay rate is Γd = 0.33 × 10−27 s−1. An annihilation/decay
channel into bb¯ quarks is assumed. In the right panel, red, yellow and magenta curves represent the
contributions from blazars, SFGs and mAGNs. model A is reported with solid lines, while model B
with dashed. See text for the description of the models.
The photon yield for DM decays, dNd/dEγ , is assumed to be the same as for annihilating DM,
but the energy available is now
√
s = mDM instead of 2mDM. In other words, dNd/dEγ(Eγ) =
dNa/dEγ(2Eγ) and the kinematic end-point is at mDM/2. The window function and the
average emission for decaying DM are shown as green curves in the left panels of Figs 1
and 2. We choose a benchmark particle DM model with mDM = 200 GeV, decay rate
Γd = 0.33×10−27 s−1 and decays into bb¯ quarks. Note the redshift scaling similar to the case
of annihilating DM.
2.2 Astrophysical sources
For astrophysical sources, we choose the source luminosity L as the parameter characterising
the different source populations. For the angular scales of interest in this analysis (ℓ < 1000),
the emission from AGNs and galaxies can be safely considered as point-like. For a power-law
energy spectrum with spectral index α, the window function takes the following form [29]
W γi(χ) =
Ai(χ)〈gγi(χ)〉
4πE20
∫
∆Eγ
dEγ
(
Eγ
E0
)−αi
e−τ [χ,Eγ(χ)], (2.6)
where i stands for blazars, mAGNs or SFGs. The normalisation factor Ai depends on the
exact definition of luminosity and 〈gγi(χ)〉 indicates the mean luminosity produced by unre-
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Figure 2. Contributions to the EGB intensity from annihilating DM and decaying DM (left panel),
and from blazars, mAGNs, and SFGs (right panel). Same models and colour coding of Fig. 1. The
black lines in the right panel show the sum of the three astrophysical components, whilst the Fermi-
LAT measurement of the EGB intensity from Ref. [3] is depicted with black data points (adding in
quadrature systematic and statistical uncertainties).
solved objects located at a distance χ. It can be written as
〈gγi(χ)〉 =
∫
Lmax(Fmax,z)
Lmin
dLL ργi(L, z), (2.7)
where ργi is the γ-ray luminosity function for source class i. The upper bound, Lmax(Fsens, z),
is the luminosity above which an object can be resolved, assuming a sensitivity Fsens =
2× 10−9 cm−2s−1 above 100 MeV typical of Fermi-LAT after 5 years of data taking.2 Con-
versely, the minimum luminosity Lmin depends on the properties of the source class under
investigation. For the interested reader, the three populations of astrophysical γ-ray emitters
(i.e. blazars, mAGNs and SFGs) are discussed in the following Secs 2.2.1, 2.2.2 and 2.2.3.
For each of them we present our choice for αi and for the γ-ray luminosity function.
2.2.1 Blazars
In the case of blazars, we introduce two different models, labelled ‘A’ and ‘B’:
A Following Ref. [5], we consider flat-spectrum radio quasars and BL Lacertae cumu-
latively as one unique class of blazars (X = γBLA)
3. The common spectral index
αBLA is fixed to 2.2 and the γ-ray luminosity L is computed at 100 MeV, which im-
plies ABLA(χ) = [1 + z(χ)]
−αBLA . The lower limit of the integral in Eq. (2.7) is set to
Lmin = 1042 erg s−1, corresponding to the lowest luminosity detected (locally) by Fermi-
LAT. This assumes that no fainter blazar exists at any redshift. The γ-ray luminosity
2When we consider a larger period of data taking or the case of ‘Fermissimo’, we assume that the sensitivity
scales as the inverse of the square of the exposure of the instrument (see Table 3).
3Considering one single population of blazars is well motivated when the shape of the energy spectrum is
allowed to depend on the luminosity of the source. In that case, the flexibility of model well reproduces the
differences between the two subclasses of blazars [5, 7, 10]. Our approach assumes one common spectral index
αBLA and, therefore, is a more simplified description.
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function of blazars is computed following the model described in Ref. [4], taking ad-
vantage of the well-established correlation between γ-ray and X-ray luminosities. The
X-ray luminosity function is taken from Ref. [60]. The free parameters in the γ-ray
luminosity function are fixed to the values provided in Ref. [8], for which unresolved
blazars account for about 6% of the Fermi-LAT EGB intensity from Ref. [59] above 1
GeV, but to 100% of the EGB auto-correlation APS [26].
B In this case, we consider only BL Lacertae from Ref. [10], since flat-spectrum radio
quasars would provide a subdominant contribution if described as in Ref. [7]. The γ-
ray luminosity function is derived from a parametric fit to the redshift and luminosity
distributions of resolved blazars in the First Fermi-LAT Source Catalogue [61]. The
lower limit of the integral in Eq. (2.7) is set to Lmin = 7× 1042 erg s−1 and αBLA = 2.1
from the average spectral index in Ref. [10].
The window function and the average emission of unresolved blazars is shown by the
red lines in the right panels of Figs 1 and 2. We note that the window function decreases
rapidly below z = 1. This is due to the fact that we focus only on unresolved sources and
Fermi-LAT has already detected a large number of blazars at low redshift.
2.2.2 Misaligned AGNs
In the case of mAGNs (X = γmAGN), we follow Ref. [9], which determines a correlation
between the γ-ray luminosity and the core radio luminosity Lr,core at 5 GHz. By means of
this correlation it is possible to infer the mAGN γ-ray luminosity function from the study
of radio-loud mAGNs at radio frequencies [62]. We consider the best-fit L − Lr,core relation
from Ref. [9] and we assume an average spectral index αmAGN of 2.37. L is defined between
0.1 and 100 GeV, which sets AmAGN = (αmAGN−2)/[1+ z(χ)]2. The magenta lines in Figs 1
and 2 indicate the window function and the average emission for unresolved mAGNs.
2.2.3 Star-forming galaxies
For SFGs (X = γSFG) we take a spectral index αSFG = 2.7, and the γ-ray luminosity L is
computed between 0.1 and 100 GeV. As done in Ref. [12], we assume that the γ-ray and
infrared (IR) luminosities are correlated and we adopt the best-fit L − LIR relation from
Ref. [12]. Concerning the IR luminosity function, we consider two models: model A is taken
from Ref. [63] (see also Ref. [12]), whilst model B is from Ref. [64] (adding up the contribution
of spiral, starburst and ANG-hosting SFGs, from their Table 8).
The window function and average emission from unresolved SFGs are represented by
yellow lines in the right panels of Figs 1 and 2. The discontinuity in the window function
around z = 1 in model A is inherited from the analytic fit to the IR data obtained in
Ref. [63] (see however the results of Ref. [14]). Also, note that our predictions for the γ-ray
flux associated to unresolved SFGs in model A is compatible with the results presented in
Ref. [12]. The three sub-classes of SFGs considered in model B peak at different redshifts
and they contribute similarly to the EGB. It is possible to recognise the individual peaks in
the SFG window functions in the right panel of Fig. 1.
2.2.4 Further discussion on astrophysical emission
In what follows, whenever we refer to model A (B), we are considering model A (B) for both
the descriptions of blazars and of SFGs.
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The γ-ray emission produced by the three extragalactic astrophysical populations in
model A accounts for ∼ 70% of the EGB above 1 GeV (see Fig. 2). This leaves room for
other emissions. Apart from the DM-induced emission described in Secs 2.1.1 and 2.1.2, there
may be a contribution associated with annihilations/decays in the DM halo of the Milky Way
(see e.g. Ref. [65]). This is not included in Fig. 2 and, since it does not correlate with the
weak gravitational lensing signal, we do not consider such a component in the present work.
Other astrophysical components that can significantly contribute to the EGB intensity are
galaxy clusters [66, 67], milli-second pulsars [68, 69] and cascades induced by the interactions
of ultra-high-energy cosmic rays with the CMB [70, 71]. However, we expect the inclusion of
such additional terms to change the results presented in this paper only marginally.
For model B, the sum of the γ-ray emission of the astrophysical populations would
slightly overshoot the measured EGB [3]. As a simple fix, we multiply the luminosity function
of each of the three astrophysical components by 0.71. The number is the best-fit overall
normalisation so that the total astrophysical component is in agreement with the black data
point in Fig. 2.
2.3 Cosmic shear
The presence of intervening matter along the path of photons emitted by distant sources
causes gravitational lensing distortions in the images of such high-redshift objects. In the
weak lensing re´gime, lensing effects can be evaluated on the unperturbed null-geodesic of
the unlensed photon [31]. Such distortions, directly related to the distribution of matter
on large scales and to the geometry and dynamics of the Universe, can be decomposed into
the so-called convergence κ and shear γ [31, 72]. Convergence is a direct estimator of the
fluctuations in the Newtonian potential, integrated along the line of sight. On scales ℓ & 10,
its APS coincides with that of cosmic shear and, thus, it can be estimated via the statistical
analysis of correlations in the observed source ellipticities (see also Sec. 3.2). Thanks to
Poisson’s equation, which relates the gravitational potential to the distribution of matter,
the weak lensing (X = κ) window function (for both shear and convergence) is
W κ(χ) =
3
2
H0
2Ωm [1 + z(χ)]χ
∫ ∞
χ
dχ′
χ′ − χ
χ′
dNg
dχ′
(χ′), (2.8)
where dNg/dχ is the redshift distribution of background galaxies, and is normalised such
that
∫
dχW κ(χ) = 1.
The window function of Eq. (2.8) is shown as black lines in Fig. 1 for the expected
distribution of background galaxies of DES (dashed curve) and Euclid (solid curve). See
Sec. 4.1 for a comprehensive description of the surveys.
3 Auto- and cross-correlation angular power spectra
In this section, we describe the formalism used to compute the auto-correlation APS of
anisotropies in the γ-ray emission and their cross-correlation with cosmic shear. The APS
quantifies the fluctuation amplitude in 2-dimensional sky maps. We define the fluctuation
along the line-of-sight direction nˆ as δIX(nˆ) = IX(nˆ)− 〈IX〉 and we expand it in spherical
harmonics as
δIX(nˆ) =
∑
ℓ,m
aℓ,mYℓ,m(nˆ). (3.1)
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The aℓ,m coefficients can be written as
aℓ,m =
∫
dnˆ δIX(nˆ)Yℓ,m(nˆ) =
∫
dnˆdχfX(χ, nˆ)W
X(χ)Yℓ,m(nˆ), (3.2)
where fX(χ, nˆ) is the fluctuation field, defined as fX(χ, nˆ) = gX(χ, nˆ)/〈gX 〉 − 1.
From the definition of the APS, CXYℓ = (2ℓ + 1)
−1
∑ℓ
m=−ℓ〈aXℓ,maY ∗ℓ,m〉, we eventually
obtain (see, e.g., Ref.[29]):
CXYℓ =
∫
dχ
WX(χ)W Y (χ)
χ2
PXY
(
k =
ℓ
χ
, χ
)
. (3.3)
Here, PXY (k, χ) stands the 3-dimensional power spectrum (3D PS) of fluctuations in ob-
servables X and Y (X = Y for auto-correlation) and it is the Fourier transform of the
2-point correlation function of the fluctuation fields, 〈f˜X(χ,k)f˜Y (χ,k′)〉 = (2π)3δ3(k +
k′)PXY (k, χ). For the computation of PXY , we adopt the so-called halo-model approach.
Following Ref. [73], we assume that each fluctuation field is a sum of discrete seeds identified
by their position and one characteristic quantity. For astrophysical emission we consider
their luminosity L, while, for the emission produced by DM haloes, we take the halo mass
M . The details of the computation of the 3D PS have been recently reviewed in Ref. [29]:
PXY can be written as the sum of two contributions, namely a 1-halo PXY1h and a 2-halo
PXY2h term. The former accounts for the correlation inside the same object, whilst the latter
describes the correlations between two distinct sources.
Eq. (3.3) is obtained under Limber’s approximation [74, 75], which links the physical
wavenumber k to the angular multipole ℓ. Such an approximation is known to hold for
ℓ ≫ 1. We note that this condition is normally satisfied in this paper, since we consider
angular scales for which ℓ & 50.
The window functions entering Eq. (3.3) have already been described in Sec. 2. In
the following, we present a detailed description of the various ingredients required for the
computation of P1h and P2h (from Secs 3.1 to 3.2.5 included). The reader can skip to Sec. 4
for the introduction of the tomographic-spectral technique.
3.1 Angular power spectrum of γ-ray emission
Since we consider four classes of γ-ray emitters (three astrophysical populations plus DM), the
auto-correlation APS of the total γ-ray emission is given by the sum of the auto-correlation
APS of each class of emitters and their relative cross-correlations. The APS of the total γ-ray
emission reads as follows (we do not specify if DM is annihilating or decaying):
Cγℓ = C
γDM
ℓ + C
γBLA
ℓ + C
γmAGN
ℓ + C
γSFG
ℓ + 2C
γDMγBLA
ℓ + 2C
γDMγmAGN
ℓ + 2C
γDMγSFG
ℓ
+ 2CγBLAγmAGNℓ + 2C
γBLAγSFG
ℓ + 2C
γmAGNγSFG
ℓ . (3.4)
3.1.1 Dark matter
In the case of decaying DM, the density field is given by the DM density distribution, namely
gγDMd(x) = ρDM(x). This means fγDMd(x) = δ(x), where δ(x) is the DM density contrast.
Therefore, the 3D PS quantifies the correlation between two density fluctuations δ, and its
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1- and 2-halo terms are
P δδ1h(k, z) =
∫ Mmax
Mmin
dM
dn
dM
v˜2(k|M), (3.5)
P δδ2h(k, z) =
[∫ Mmax
Mmin
dM
dn
dM
bh(M)v˜(k|M)
]2
Plin(k, z), (3.6)
where v˜(k|M) is the Fourier transform of ρDM(x|M)/ρ¯DM, Plin is the linear matter power
spectrum and bh is the bias between haloes and the DM distribution. The bias is taken from
Ref. [76].
Conversely, in the case of annihilating DM, the source field scales with the square of the
DM density, viz. gγDMa(x) = ρ
2
DM(x). Then, the 3D PS correlates fluctuations in the squared
density field δ2, i.e.
P δ
2δ2
1h (k, z) =
∫ Mmax
Mmin
dM
dn
dM
[
u˜(k|M)
∆2
]2
, (3.7)
P δ
2δ2
2h (k, z) =
[∫ Mmax
Mmin
dM
dn
dM
bh(M)
u˜(k|M)
∆2
]2
Plin(k, z), (3.8)
where u˜(k|M) is the Fourier transform of ρ2DM(x|M)/ρ¯2DM.
The linear matter power spectrum is well constrained by cosmological observations and
N -body simulations for masses above 1010M⊙. In the case of a decaying DM candidate, the
bulk of the signal comes from large haloes. Therefore, the predicted APS is rather robust and
the auto-correlation APS (for decaying DM) is plotted as the solid green line in the left panel
of Fig. 3. In the case of annihilating DM, the APS is affected by uncertainties related to
the computation of the flux multiplier at small masses, i.e. the amount of subhaloes and the
value of Mmin (see Sec. 2.1.1 and Ref. [24] for further discussion). These uncertainties affect
both the normalisation and shape of the APS. The former is proportional to the intensity
of the emission, so its effect is expected to be similar to what we see in Fig. 2 for the EGB
intensity.
In Fig. 3 (left panel) we plot the auto-correlation APS for annihilating DM in the case
of the ns (dotted, blue line), low (solid, blue line) and high (dashed, blue line) scenarios.
To compare the shape of the different APS, we use a common arbitrary normalisation at
low multipoles. The 1-halo term dominates at large multipoles (i.e. low angular scales).
In particular, its intensity at multipoles below few hundreds increases if the bulk of the
DM-induced emission comes from haloes with large masses. This implies that, since the
contribution of subhalos in the high case boosts mainly the emission from large haloes, the
APS grows more rapidly than the low case for ℓ . 100. In general, in the presence of DM
subhaloes, DM haloes with medium to large masses dominate the signal. This also implies
that, for the low and high scenarios, the 3D PS drops at small scales. In the ns scenario,
on the other hand, (relatively) low masses give a significant contribution and the associated
1-halo term extends to smaller scales. Consequently, the APS raises at large multipoles.
This can be seen in the left panel of Fig. 3 in the large-ℓ re´gime, where the 1-halo term
dominates over the 2-halo term. The (normalized) APS of the ns scenario—where there are
no subhaloes—is larger than the low and high cases for ℓ > 300. This trend is compatible
with what found in Ref. [23].
We emphasise that, contrarily to some other works in the literature, we choose to
normalise the 3D PS by 〈gX〉 (i.e. proportional to ∆2, in the case of annihilating DM), which
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Figure 3. Left: Arbitrarily normalised auto-correlation APS of the γ-ray emission for annihilating
(blue) and decaying (green) DM. The properties of the DM particle are chosen as in Fig. 1. The solid
(dashed) blue line refers to the low (high) scenario, whilst the dotted one is for ns. Right: 1-halo
term of the 3D PS for the cross-correlation of cosmic shear with DM-induced γ-ray emission at z = 0.
We use the same scenarios and line styles as in the left panel.
is re-absorbed in the window function. By doing so, the P2h reduces (approximately) to the
linear matter power spectrum, except for the multiplicative bias term.
3.1.2 Astrophysical sources
For γ rays induced by astrophysical sources, we work under the hypothesis that their distri-
bution traces the underlying matter field. Then, equations similar to Eqs (3.5) to (3.8) can
still be used to quantify the 3D 1-halo and 2-halo PS, with some caveats. First, the quantity
that characterises the sources is not longer the halo mass, but their luminosity L. Secondly,
we have to consider the γ-ray luminosity function instead of the halo mass function dn/dM .
Finally, instead of the halo bias bh, each class of sources is characterised by its own bias factor
bγi(L, z). Furthermore, under the hypothesis of point-like sources, the 1-halo term looses any
dependence on k and becomes Poisson-like. Hence, the 3D PS can be written as
P γiγi1h (k, z) =
∫ Lmax(z)
Lmin(z)
dL ργi(L, z)
( L
〈gγi〉
)2
, (3.9)
P γiγi2h (k, z) =
[∫
Lmax(z)
Lmin(z)
dL ργi(L, z) bγi(L, z)
L
〈gγi〉
]2
Plin(k, z). (3.10)
If the γ-ray emission of a population of sources is dominated by a few very bright objects (but
still below the detection threshold of the telescope), the 1-halo term will be larger than the 2-
halo term and the auto-correlation APS will therefore be Poissonian, with no dependence on
the source clustering. On the other hand, the auto-correlation APS can have some sensitivity
to the distribution of the sources if they are faint but numerous. Indeed, in this case, the
2-halo term will dominate over the Poissonian 1-halo term. Following our description of
astrophysical sources in Sec. 2.2, the auto-correlation APS of blazars and mAGNs results to
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Figure 4. Cross-correlation APS of Eq. (3.16) for the DM-induced γ-ray emission at E > 1 GeV and
the weak lensing signal of Euclid. The DM microscopic properties are chosen as in Fig. 1. The solid
(dashed) blue line refers to the low (high) scenario, whilst the dotted one is for ns. In the right
panel, the total APS is showed with thicker lines, while the 1-halo terms is denoted with thinner lines.
Curve are arbitrarily normalised to better compare their angular shapes.
be Poissonian over the multipole range considered here (ℓ < 1000), whilst for SFGs, some
dependence on the 2-halo term is present below ℓ ≃ 500.
The cross-correlation terms in Eq. (3.4) includes correlations between the γ-ray emission
of two different astrophysical populations or between an astrophysical population and DM.
The 3D PS for the correlations between a class of astrophysical emitters and decaying
DM reads
P γiδ1h (k, z) =
∫ Lmax(z)
Lmin(z)
dL ργi(L, z)
L
〈gγi 〉
v˜[k|M(L)] (3.11)
P γiδ2h (k, z) =
[∫
Lmax(z)
Lmin(z)
dL ργi(L, z) bγi (L, z)
L
〈gγi〉
] [∫ Mmax
Mmin
dM
dn
dM
bh(M)v˜(k|M)
]
Plin(k, z).
(3.12)
On the other hand, for annihilating DM:
P γiδ
2
1h (k, z) =
∫ Lmax(z)
Lmin(z)
dL ργi(L, z)
L
〈gγi〉
u˜[k|M(L)]
∆2
(3.13)
P γiδ
2
2h (k, z) =
[∫
Lmax(z)
Lmin(z)
dL ργi(L, z)bγi(L, z)
L
〈gγi〉
] [∫ Mmax
Mmin
dM
dn
dM
bh(M)
u˜(k|M)
∆2
]
Plin(k, z).
Lastly, the 2-halo term of the cross-correlation 3D PS between two astrophysical populations
is
P
γiγj
2h (k, z) =
[∫ Lmax(z)
Lmin(z)
dL ργi(L, z)bγi(L, z)
L
〈gγi 〉
][∫ Lmax(z)
L˜min(z)
dL ργj(L, z)bγj (L, z)
L
〈gγj 〉
]
Plin(k, z) .
(3.14)
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Here, the term P δδ1h = 0 since we consider astrophysical sources as point-like and two distinct
objects cannot be in the same point.
Note that in Eqs (3.11) and (3.13), a relation between the source luminosity L and the
mass M of host is required. Such a relation is not well established and different prescriptions
can lead to very different results for the 1-halo terms. We will discuss it in more details in
the following section.
To summarise, in order to estimate the contribution of astrophysical sources to the APS,
four ingredient are needed: i) the γ-ray luminosity function of the specific source class; ii) its
energy spectrum; iii) the relation between the γ-ray luminosity of the source and the mass of
the host DM halo, M(L) and iv) the bias bγi . The last quantity can be computed in terms of
the halo bias bγi(L, z) = bh[M(L), z], depending, once more, on M(L). We note that, since
at low z the halo bias bh is O(1), the 2-halo term is often only very mildly dependent on
M(L).
3.2 Cross-correlation of cosmic shear and γ-ray emission
In a perturbed Universe around a (flat) Friedmann-Lemaˆıtre-Robertson-Walker background,
the line element reads
ds2 = −(1 + 2Φ) dt2 + a2(t) [(1− 2Φ) (dχ2 + χ2 dΩ2 )] , (3.15)
where Φ is the Newtonian potentials and Ω is the solid angle. In such a perturbed Universe,
a light ray coming towards us from a distant source is deflected by an angle proportional
to the transverse gradient of the Newtonian potential Φ (see e.g. Refs [31, 33]). By means
of Poisson’s equation, fluctuations in the potential correspond to fluctuations in the matter
distribution, which plays directly the roˆle of the fluctuation field fκ(nˆ, χ) in Eq. (3.2).
The cross-correlation APS between the cosmic shear and a γ-ray emitter X follows from
Eq. (3.3) (see also Paper I and Ref. [29]):
CXκℓ =
1
〈IEGB〉
∫
dχ
WX(χ)W κ(χ)
χ2
PXκ
(
k =
ℓ
χ
, χ
)
. (3.16)
In Eq. (3.16), we have included a normalisation 〈IEGB〉, given by the measured EGB intensity,
namely 〈IEGB〉 = 4 × 10−7cm−2s−1sr−1 for E > 1 GeV. This allows us to work with a
dimensionless APS. We also remind the reader that the shear window function was defined
so that the average shear intensity 〈Iκ〉 ≡ ∫ dχW κ(χ) is 1. Notice, also, that we do not
divide by the average γ-ray intensity of each class of sources (as often done in the literature),
because in this case the Cℓ’s would no longer be additive.
The total cross-correlation APS is the sum of contributions of the four classes of sources
considered, i.e.
Cγκℓ = C
γDMκ
ℓ + C
γBLAκ
ℓ + C
γmAGNκ
ℓ + C
γSFGκ
ℓ . (3.17)
3.2.1 Dark matter
In the case of decaying DM, both the DM-induced γ-ray emission and cosmic shear depend
linearly on the DM density. Therefore, the 3D cross-correlation PS is equivalent to that of
the auto-correlation for decaying DM and is given by Eqs (3.5) and (3.6). The 1-halo term
of the 3D PS P δδ1h is represented by the solid green line in Fig. 3 (right panel).
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For the case of annihilating DM, the 1-halo and 2-halo terms of the 3D cross-correlation
PS are
P δδ
2
1h (k, z) =
∫ Mmax
Mmin
dM
dn
dM
v˜(k|M) u˜(k|M)
∆2
, (3.18)
P δδ
2
2h (k, z) =
[∫ Mmax
Mmin
dM
dn
dM
bh(M)v˜(k|M)
] [∫ Mmax
Mmin
dM
dn
dM
bh(M)
u˜(k|M)
∆2
]
Plin(k, z).
(3.19)
The 2-halo term P δδ
2
2h is fairly insensitive to the uncertainties associated to the clustering
of haloes at small masses. Their effect mainly alter the bias factor, but no appreciable changes
in the shape of the power spectrum are induced. On the other hand, those uncertainties have
a heavier impact on the 1-halo term. The right panel of Fig. 3 shows the 1-halo term for
the 3D PS P δδ
2
1h . The blue solid (dashed) curve refers to the low (high) scenario, whilst the
blue dotted line stands for the ns case. As discussed above, large subhalo boosts increase the
contribution of the most massive haloes and the 1-halo power spectrum is then approximately
an order of magnitude larger for the high scenario than for the low case, at large scales,
i.e. low values of k. The picture is opposite at small scales, where scenarios with a larger
contribution from less massive haloes (especially the ns model) have a larger 1-halo term.
Fig. 4 shows the cross-correlation APS between cosmic shear and DM. Blue (green) lines
stand for annihilating (decaying) DM. The same line style as in Fig. 3 is used to indicate the
three different models for the clustering of DM haloes. Despite the differences amongst the
three scenarios discussed in Fig. 3 (left panel), the shape of the cross-correlation APS is now
quite robust and it does not depend much on the amount of subhaloes or the value of Mmin.
This is because those uncertainties mainly affect the 1-halo term and it can be easily seen in
the right panel of Fig. 4, in which we adopt an arbitrary normalisation to focus on the APS
shape (as done in Fig. 3). The upper sets of lines describe the total cross-correlation APS,
while the lower lines only consider the 1-halo term. The latter starts to dominate only at
very large multipoles, ℓ & 500. Even if the shape of the APS does not depend dramatically
on the clustering model, its normalisation does (as it is clear from the left panel), because it
is proportional to the intensity of the emission (see also Fig. 2).
3.2.2 Blazars
Moving to the discussion of the cross-correlation 3D PS between cosmic shear and astrophys-
ical γ-ray emitters, the computation of the cross-correlation PS is given by Eqs. (3.11) and
(3.12). They rely on the knowledge of how the luminosity of the source, L, relates to the
mass of the host DM halo.
For the case of blazars, the M(L) relation is modelled from the results of Ref. [77].
A simple power-law scaling M = A(z)LΓ(z)X between the X-ray luminosity, LX , and the
mass of the host DM halo, M , is found to reproduce well the abundance of X-ray selected
AGNs at different redshifts (see their Fig. 6 and Table 1). Then, the X-ray luminosity is
linked to that of γ rays through the correlation already discussed and employed in Sec. 2.2.1.
This will represent our fiducial model for the M(L) relation for blazars. The corresponding
P1h(k, z = 0.2) is plotted in Fig. 5 as a solid line (left panel).
4
4For the sake of conciseness, we shown the impact of M(L) on P1h only for model A (in both cases of
blazars and SFGs). The impact on model B is very similar to what shown for model A.
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Conversely, Ref. [78] consider a different approach, linking the γ-ray luminosity of a
blazar to the mass of the super-massive black hole (SMBH) powering the AGN. In turn, that
is related to the DM halo mass, leading to M = 1011.3M⊙(L/1044.7 erg s−1−1)1.7 (what the
authors of Ref. [78] call ‘model A’) or to M = 1013M⊙(L/1044 erg s−1)1.7 (their ‘model B’).
Both dashed and lower dotted lines in Fig. 5 (left panel) produce a P1h that is smaller than
the one obtained with the M(L) relation from Ref. [77]. The prediction for their model A
(i.e. the smaller of the two) is approximately 4 orders of magnitude below our fiducial model,
for k < 10 Mpc/h. We consider this as our lower limit for the 1-halo 3D PS for blazars. Our
upper limit is a modification of model B from Ref. [78], with a larger normalisation, namely
M = 1013M⊙(L/1043 erg s−1)1.7 (see the upper dotted line in the left panel of Fig. 5). This
corresponds to a PS approximately one order of magnitude larger than our fiducial model.
The uncertainty generated by the M(L) relation is large and it propagates to the 1-halo
term of the 3D cross-correlation PS. However, as we shall see later, such uncertainties will
not affect our conclusions.
3.2.3 Misaligned AGNs
The relation M(L) for mAGNs can be inferred through a chain of correlations. We first
make use of the relation between the γ-ray luminosity and the core radio luminosity Lr,core,
as done already in Sec. 2.2.2. Then, Lr,core is related to the mass of the accreting SMBH,
M•, as in Ref. [79]. The Lr,core −M• relation is affected by considerable scatter, as found
e.g. in Ref. [80]. We find that allowing the normalisation of M•(Lr,core) to vary in the range
between 0.1 and 2.5 generates an uncertainty band that encompasses well the data (see, e.g.
Fig. 8 of Ref. [80]).
Finally, we relate the mass of the SMBH to the mass of the host DM halo by following
Ref. [77] (in turn based on Ref. [81]). However, we found that this procedure, when applied
to the sample of mAGNs detected by Fermi-LAT [9], predicts SMBHs that are too massive.
This is probably because the method is based on a galaxy population different from mAGNs.
Thus, we renormalise theM−M• relation of Ref. [77] in order to reproduce the characteristics
of M 87, with a SMBH with a mass of 6.6× 109M⊙ [82] and a DM-halo of 2.2× 1013M⊙ [83].
The 1-halo 3D PS obtained by means of this M(L) relation is plotted in the right panel of
Fig. 5 as a solid, magenta line (see also Appendix A) and it will represent our fiducial model.
The two dashed lines quantify the uncertainty from the scatter in the Lr,core −M• relation
mentioned above.
We also derive the relation between the γ-ray luminosity and the mass of the SMBH
empirically, by using the measurements available in the literature on the mass of SMBHs for
the mAGNs detected by Fermi-LAT (see Appendix A and Fig. 18). The result can be seen
in the dotted line in Fig. 5 (right panel) and is within the uncertainty band of the model
described above.
3.2.4 Star-forming galaxies
In Ref. [12], the 8 SFGs detected by Fermi-LAT (together with the upper limit from the non-
detection of 64 bright IR galaxies) were employed to determine a relation between the γ-ray
luminosity and the star-formation rate (SFR) (see Figs 3 and 4 of Ref. [12]). A correlation
between L and SFR is expected in many models describing the γ-ray emission of SFGs
[13, 84]. Then, the mass of the DM halo can be derived from the SFR through the Kennicutt-
Schmidt law, which links the SFR and the mass of the SFG gas contenct, and then assuming
a certain DM-to-gas ratio. The resulting M(L) relation is normalised to the properties of
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Figure 5. 1-halo term of the 3D cross-correlation PS between cosmic shear and γ rays from unresolved
blazars (left) and mAGNs (right). The different lines correspond to different choices of the M(L)
relation. See text for details.
the Milky Way and it is used in Paper I. It shows that M can be well approximated by
≃ 1012M⊙
√L/1039 erg s−1. This will represent our fiducial case and the corresponding 1-
halo 3D PS is shown as a solid, yellow line in Fig. 6 (left panel). The dashed and dotted
yellow curves are taken from Paper I to provide reasonable uncertainties to this model.
An alternative relation between SFR and the mass of the host DM halo can be obtained
from the empirical model for star formation proposed in Ref. [85] (see their Fig. 9). Together
with the L-SFR relation from Ref. [12], this provide a new M(L) relation, and the corre-
sponding 1-halo 3D PS is plotted in Fig 6 (left panel) by means of green lines. Model III
from Ref. [85] is adopted and the dashed green lines indicate the uncertainty induced when
the parameters of the model are left free to vary (within the 95% C.L. region).
As done in the previous section, we can also proceed empirically and derive the M(L)
relation by means of a power-law fit considering the SFGs detected by Fermi-LAT for which
we have estimates of the mass of their DM halo (see Appendix B and Fig. 19). We obtain
M = 1011.9±0.5M⊙(L/1038 erg s−1−1)0.71. Such a relation is valid only at z = 0 because the
SFGs employed in the fit are local. Thus, we assume the same dependence on z as in the
models from Ref. [85]. The corresponding 1-halo 3D PS is shown in the left panel of Fig. 6
as blue lines.
3.2.5 Discussion
In Fig. 7, we show the impact of the assumedM(L) relation on the predicted cross-correlation
APS for the astrophysical γ-ray emitters (red for blazars, magenta for mAGNs and yellow for
SFGs). The solid lines correspond to the fiducial cases described above, whilst for the upper
(lower) dashed lines we considered the largest (smallest) M(L) amongst the alternatives
presented in the previous sections (see Figs. 5 and the left panel of 6). It is important to
notice that, for all the classes of sources considered here, the lower edge of the uncertainty
band corresponds to a case where the 1-halo term is subdominant in the multipole range of
interest (ℓ . 1000). The cross-correlation APS starts to be sensitive to the 1-halo term only
at around ℓ = 500, i.e. where the sensitivity of Fermi-LAT is already quite low (see later). On
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Figure 6. Left: 1-halo term of the 3D cross-correlation PS between cosmic shear and γ rays from
unresolved SFGs. The different lines correspond to different choices of theM(L) relation. See text for
details. Right: The quantity dP1h/d lnM as a function of the mass of the DM halo,M (at z = 0.2 and
k = 1Mpc−1). dP1h/d lnM is the integrand of the 1-halo term P1h of the 3D cross-correlation PS and
it is plotted here for the different γ-ray emitters considered in this work. The blue line corresponds to
annihilating DM (for a low scenario), whilst the green one is for decaying DM. The red (magenta)
line stands for blazars (mAGNs) and it has been multiplied by 10−7 (10−3) to ease the comparison.
The yellow one is for SFGs.
the other hand, the effect of the M(L) relation on the 2-halo term is only through the bias.
It can affect low multipoles through a change of order O(1) in the overall normalisation (as
visible in Fig. 7). For simplicity this effect at low multipoles will be neglected in the following.
We note that, overall, the variability of the cross-correlation APS due to the uncertainty on
M(L) is significantly smaller than the case of the 1-halo 3D PS. This guarantees that our
prediction will not be spoiled by the huge uncertainties associated to M(L).
The cross-correlation APS between cosmic shear and astrophysical sources Cγiκℓ will be
computed assuming the fiducial models for M(L) described above. However, in order to take
into account the uncertainty associated to the M(L) relations, we introduce the coefficients
ABLA, AmAGN and ASFG. They will act as normalisation factors multiplying the 1-halo term
of the APS, shifting its intensity with respect to the fiducial case (corresponding to Ai = 1).
The range of variation for these normalisations is determined in order to encompass the
uncertainty on M(L) discussed above and it is derived from Figs 5 and 6. Specifically, for
ABLA and ASFG we assume an interval between 0.1 and 10, and for AmAGN between 0.33
and 3.
By comparing the right panel of Fig. 3 with Fig 5 and the left panel of Fig. 6, we see
that, contrarily to the case of astrophysical sources, the 1-halo term of the cross-correlation
APS with DM-induced γ-ray emission is large at multipoles of few hundreds. This is related
to the fact that, for DM, the cross-correlation with cosmic shear is dominated by haloes with
M & 1014M⊙, which generate a large gravitational lensing signal. However, these are much
larger than the haloes hosting unresolved astrophysical emitters. The same effect can be seen
in the right panel of Fig. 6, where we plot dP1h(M)/d lnM , namely, the integrand of the
1-halo term of the 3D PS of the cross-correlation between cosmic shear and γ-ray emission
(at z = 0 and for k = 1Mpc−1). The solid, blue line corresponds to the case of annihilating
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Figure 7. Cross-correlation APS of Eq. (3.16) between cosmic shear and γ rays from blazars (red),
mAGNs (magenta) and SFGs (yellow) in model A (left) and model B (right). The upper and lower
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text for details) with solid lines being our fiducial models (the SFG band is not filled just for the sake
of clearness).
DM for the low scenario, whilst the green line is for decaying DM. Red, magenta and yellow
curves stand for blazars, mAGNs and SFGs. Note that, as discussed above, the blue and
green lines peak at larger masses and are characterised by a larger area below the curves.
The right panel of Fig. 6 also helps us to understand the scaling in Figs 5 and 6: a
M(L) relation that implies a larger M for a given L (i.e. a large Ai) will shift the peak of
the curves in the right panel of Fig. 6 to larger masses, increasing the overall P1h.
For the sake of clarity, in Table 1 we list the classes of γ-ray emitters considered in this
paper and we summarise their main characteristics.
4 The tomographic-spectral approach
In Paper I, we proposed for the first time the study of the cross-correlation between cosmic
shear and γ-ray anisotropies. We demonstrated that the signal is within reach, when com-
bining weak lensing surveys such as DES and Euclid with γ-ray data from the Fermi-LAT
satellite. In the present analysis, we capitalise on that idea and determine the sensitivity of
the cross-correlation to DM detection. In the case of a positive signal, we will also estimate
the precision with which it is possible to infer the properties of the DM particle, e.g. its mass
and γ-ray production rate.
To this aim, we want to extract as much information as possible from the experiments.
The redshift measurements performed by weak lensing surveys allow us to break down the
cosmic shear signal into redshift bins, a procedure usually referred to as ‘redshift tomography’
[86]. Similarly, we also consider binning in energy and call this a ‘tomographic-spectral’
approach. We assume Nz redshift bins, computing Nz window functions W
κi (with i =
1 . . . Nz) integrating Eq. (2.8) over the i-th redshift bin. In the same way, we consider NE
energy intervals over which we integrate the γ-ray window functions. We define the cross-
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Acronym Brief description
DMd Decaying DM: halo mass function from Ref. [51]; NFW density profile;
Mmin = 10
−6M⊙; c(M) relation from Ref. [53] above 10
10M⊙ and from
Ref. [54] below; bias from Ref. [76].
DMa ns Annihilating DM, no-substructure scenario: halo mass function from Ref.
[51]; NFW density profile; Mmin = 10
7M⊙; c(M) relation from Ref. [53]
above 1010M⊙ and from Ref. [54] below; no subhaloes; bias from Ref. [76].
DMa low Annihilating DM, low substructure scenario: halo mass function from
Ref. [51]; NFW density profile; Mmin = 10
−6M⊙; c(M) relation from
Ref. [53] above 1010M⊙ and from Ref. [54] below; subhaloes included as in
Ref. [57]; bias from Ref. [76].
DMa high Annihilating DM, high substructure scenario: halo mass function from
Ref. [51]; NFW density profile; Mmin = 10
−6M⊙; c(M) relation from
Ref. [53] above 1010M⊙ and from Ref. [54] below; subhaloes included as in
Ref. [58]; bias from Ref. [76].
BLA Blazars: power-law energy spectrum with αBLA = 2.2 (αBLA = 2.1); γ-ray
luminosity function from Ref. [8] (Ref. [10]); Lmin = 1042erg s−1 (Lmin =
7× 1042erg s−1) for model A (B).
mAGN Misaligned Active Galactic Nuclei: power-law energy spectrum with
αmAGN = 2.37; γ-ray luminosity function from Ref. [9].
SFG Star forming galaxies: power-law energy spectrum with αSFG = 2.7; γ-ray
luminosity function from Ref. [12] rescaling the IR luminosity function of
Ref. [63] (Ref. [64]) for model A (B).
Table 1. Summary of the names and characteristics of the classes γ-ray emitters considered.
correlation tomographic-spectral matrix Cγκℓ as
C
γκ
ℓ =
 C
γ1κ1
ℓ . . . C
γ1κNz
ℓ
...
. . .
...
C
γNEκ1
ℓ . . . C
γNEκNz
ℓ
 , (4.1)
where each element Cγaκiℓ is the cross-correlation APS obtained from Eq. (3.16) with window
function W κi and W γa, i.e. within the i-th redshift bin and the a-th energy bin. Similarly,
the auto-correlation matrices Cγγℓ and C
κκ
ℓ can be constructed for the γ-ray emission and
the cosmic shear signal, respectively. Note that Cγγℓ and C
κκ
ℓ are square matrices, whereas
C
γκ
ℓ is a NE ×Nz object.
4.1 Surveys specifications
In order to estimate the auto- and cross-correlation APS and to assess properly the sensitivity
to a DM signal, we need to define the characteristics of the detectors. As in Paper I, we focus
on DES [34] and Euclid [35, 36], considered as representatives of current and future cosmic
shear surveys. The former is a ground-based experiment provided with an extremely sensitive
570-Megapixel digital camera mounted on the Blanco 4 m telescope at Cerro Tololo Inter-
American Observatory high in the Chilean Andes. It started taking data in September 2012
and it will continue for 5 years, surveying 5, 000 square degrees over the Southern sky. On the
other hand, Euclid is a European Space Agency space-based, medium-class astronomy and
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Parameter Description DES Euclid
fsky Surveyed sky fraction 0.12 0.36
N¯g [arcmin
−2] Galaxy density 13.3 30
dNg/dz(z) Redshift distribution Ref. [87] Ref. [87]
Nz Number of bins 5 10
σz/(1 + z) Redshift uncertainty 0.05 0.03
σǫ Intrinsic ellipticity 0.3 0.3
Table 2. Summary of the specifications for DES and Euclid used in this analysis.
astrophysics mission, whose launch is planned for 2020. Euclid will observe 15, 000 deg2 of
the darkest sky that is free of contamination by light from our Galaxy and the Solar System.
Its weak lensing survey will measure several billion photometric redshifts of galaxies as far
as z & 2.
The expected source redshift distributions for DES and Euclid can be written as [87]:
dNg
dz
(z) ∝ z2 exp
[
− (z/z0)1.5
]
, (4.2)
where z0 = zm/
√
2 and zm is the median redshift of the survey, respectively 0.8 for DES and
0.9 for Euclid. We report in Table 2 the details of our modelling of the surveys and of the
redshift binning. We consider 5 (10) equally-populated bins for DES (Euclid) and we also
include a photometric scatter σz ∝ (1 + z).5
Fermi-LAT is the principal scientific instrument on the Fermi Gamma Ray Space Tele-
scope spacecraft, launched into a near-Earth orbit in June 2008. The design life of the
mission is 5 years and the goal for mission operations is 10 years. Fermi-LAT is an imaging
high-energy γ-ray telescope covering the energy range from about 20 MeV to more than 300
GeV. Its field of view covers about 20% of the sky at any time, and in survey mode it scans
the whole sky every three hours. An exposure of 10 years (after analysis cuts) represents
our benchmark configuration, that we shall refer to as Fermi-10yr. As a second benchmark,
we consider an hypothetical upgrade (dubbed ‘Fermissimo’), representative of possible fu-
ture space-based large-area full-sky γ-ray detectors, with improved capabilities with respect
to Fermi-LAT. Proposals currently under study include Gamma400 [88], HERD [89] and
DAMPE [90]. We do not specifically assume any of these designs, but we take inspiration
from them in defining the characteristics of ‘Fermissimo’.
Table 3 summarises the specifics of two experimental configurations adopted in our
analysis. We consider 6 energy bins for Fermi-10yr (specifically, 1–2 GeV, 2–5 GeV, 5–10
GeV, 10–50 GeV, 50–100 GeV and 100–300 GeV) and we add one additional bin at lower
energies (between 0.3 and 1 GeV) and one at higher energies (between 300 GeV and 1 TeV)
for ‘Fermissimo’. The energy resolution of the detector is significantly smaller than the bins
widths, namely ∆E/E . 20%. However, considering bins that are too small implies a reduced
statistics, especially at high energies, with no consequent gain in information. In Table 3, we
also present the properties of the assumed γ-ray campaigns. Note that we quote the average
angular beam size 〈σb〉 but, in our analysis, we adopt the values taken from Ref. [91], allowing
σb to change with the energy; for example, the angular resolution of Fermi-LAT reaches 0.1
deg at high energies.
5Note that, according to recent estimates for Euclid, 0.05 is a more realistic value of σz/(1 + z). However,
we checked that this does not influence significantly our results.
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Parameter Description Fermi-10yr ‘Fermissimo’
fsky Surveyed sky fraction 1 1
Emin − Emax [GeV] Energy range 1− 300 0.3− 1000
NE Number of bins 6 8
ε [cm2 s] Exposure 3.2 × 1012 4.2× 1012
〈σb〉 [deg] Average beam size 0.18 0.027
Table 3. Summary of the different configurations assumed for the γ-ray experiments. We mention
here that, in reality, the analysis will not be full sky (e.g., the galactic plane is typically masked out),
but the considered fraction of surveyed sky considered still remains significantly larger than for galaxy
surveys in Table 2.
In our analysis, we will investigate the prospects of the cross-correlation technique for
two different situations: in the first one we combine the data from Fermi-10yr and DES
and, therefore, this scenario can be achieved in few years from now. The second possibility
consider the data of ‘Fermissimo’ and of Euclid, and it requires a longer timescale.
For illustrative purposes, in Fig. 8 we show all the entries of the tomographic-spectral
matrices Cγκℓ for the DES+Fermi-10yr configuration. The top panel shows the γ-ray auto-
correlation APS Cγaγbℓ , the middle panel the auto-correlation APS of cosmic shear C
κiκj
ℓ and
the cross-correlation APS C
γaκj
ℓ is plotted in the bottom panel. For the auto-correlation APS
(top and middle panels) solid curves refer to the diagonal elements (the auto-correlation APS
are obtained considering the same energy or redshift bin), whilst dashed curves are for off-
diagonal terms. Blue lines refer to the case the γ-ray emission is induced by annihilating DM
(in the high scenario), while green lines stand for the γ-ray emission produced by the sum
of all the astrophysical sources. Note that, although astrophysical sources largely dominate
the auto-correlation signal (top panel), the cross-correlation spectra for astrophysical sources
and DM are characterised by similar intensities (bottom panel). This confirms that the cross-
correlation with cosmic shear is a powerful way to reduce the impact of the astrophysical
background (as proved also in Fig. 5 of Paper I) and it suggests that the cross-correlation is
more promising than auto-correlation to detect a possible DM signal.
5 Analysis technique
We are now ready to discuss the potentiality of the cross-correlation technique to uncover a
DM signal. We shall proceed along two lines:
1. For each DM mass mDM we determine the minimal 〈σav〉 (or Γd) for which the cross-
correlation signal is able to provide a detection of the DM particle with a confidence
level (CL) equal or larger than 5σ;
2. We investigate the precision that can be achieved by the various experimental setups in
the reconstruction of the particle DM parameters (i.e. its mass and annihilation cross
section or decay rate) for a set of representative benchmark cases.
As a byproduct of the first point, we also determine the expected 2σ CL upper bounds in
the DM parameter space which can be obtained with the cross-correlation technique, would
the DM signal be significantly suppressed and therefore not detectable.
The technique we employ to forecast the prospects for detection is the Bayesian Fisher
matrix method, which is discussed in the following section.
– 23 –
Figure 8. Illustrative example of tomographic-spectral matrix elementsCγγℓ (top panel), C
κκ
ℓ (middle
panel) and Cγκℓ (bottom panel), for annihilating DM (blue), astrophysical background (green) and
cosmic shear (red). Each curve corresponds to one element in the matrices. Solid lines refer to diagonal
entries and dashed lines to off-diagonal ones. The plots refer to the high substructure scheme, to
model A for astrophysical sources and to the combination DES + Fermi-10yr.
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5.1 Fisher matrix fundamentals
The Fisher matrix approach for parameter estimation assumes the presence of a likelihood
function L(ϑ) that quantifies the agreement between a certain set of experimental data and
the set of parameters of the model, ϑ = {ϑα}. It is also assumed that that the behaviour of
the likelihood near its maximum characterises the whole likelihood function sufficiently well
to be used to estimate errors on the model parameters [46, 92, 93].
Under the hypothesis of a Gaussian likelihood, the Fisher matrix is defined as the inverse
of the parameter covariance matrix. Thence, it is possible to infer the statistical accuracy
with which the data encoded in the likelihood can measure the model parameters. If the
data is taken to be the expected measurements performed by future experiments, the Fisher
matrix method can be used, as we do here, to determine its prospects for detection and the
corresponding level of accuracy. The 1σ marginal error on parameter ϑα reads
σ(ϑα) =
√
(F−1)αα, (5.1)
where F−1 is the inverse of the Fisher matrix, and no summation over equal indices is applied
here.
Our experimental data will come from the measurement of the cross-correlation APS
CXYℓ between the observablesX and Y , as discussed in the previous section. More specifically,
we shall use the cross-correlation tomographic-spectral matrix Cγκℓ defined in Sec. 4. The
parameters in our model are ϑ = {mDM, Γd, ABLA, ASFG, AmAGN} for decaying DM and
{mDM, 〈σav〉, ABLA, ASFG, AmAGN} for annihilating DM. Unless stated otherwise, we fix the
annihilation/decay energy spectrum to be that produced by the hadronisation of b quarks.
We also fix the description of astrophysical sources to the model discussed in Sec. 2.2, leaving
only the quantities ABLA, ASFG and AmAGN as free parameters. We remind the reader that
they quantify the deviation from our fiducial case in the normalisation of the 1-halo term of
the 3D cross-correlation PS of blazars, SFGs and mAGNs, respectively.
Following Ref. [94], the generic element of the covariance matrix Γγκℓℓ′ can be expressed
as [
Γγκℓℓ′
]ai,bj
=
Ĉ
γaκj
ℓ Ĉ
γbκi
ℓ + Ĉ
γaγb
ℓ Ĉ
κiκj
ℓ
(2ℓ+ 1)∆ℓfsky
δℓℓ
′
K , (5.2)
where ∆ℓ is the bin width (for angular multipole binned data), fsky is the fraction of sky
probed by the survey, and δK is the Kronecker symbol. Here, Ĉ
XY
ℓ = C
XY
ℓ +N
XY
ℓ , being
NXYℓ the experimental noise on the measurement of C
XY
ℓ . We assume that noises for γ
rays and cosmic shear do not correlate, so that N γκℓ = 0. This also implies Ĉ
γκ
ℓ = C
γκ
ℓ .
Conversely, for the auto-correlation terms we have
N γaγbℓ = δabK
4πfsky
N¯γa
W−2ℓ , (5.3)
N κiκjℓ = δijK
σ2ǫ
N¯gi
, (5.4)
where the first term in Eq. (??) describes the so-called photon noise and N¯γa is the total
number of γ rays expected in the a-th energy bin. The factor Wℓ = exp(−σ2b ℓ2/2) is the
window of a Gaussian point-spread function and N¯gi is the number of galaxies per steradian
in the i-th redshift bin.
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Now, it is worth to make a remark. We emphasise that our method consists in a cross-
correlation between two distinct signals. For a start—as we stated above—this implies that
N
γκ
ℓ = 0, because cosmic-shear and γ-ray noises do not correlate. However, this has another
major advantage, which is the fact that any additive systematic effect shall not correlate
either. Thus, this method is more robust than a simple auto-correlation analysis.6
From an observational point of view, we can consider each single mode Ĉ
γaκj
ℓ in to-
mographic, spectral and multipole space as a parameter of the theory. Then, to recast the
Fisher matrix in the space of the model parameters, ϑ, it is sufficient to multiply the inverse
of the covariance matrix by the Jacobian of the change of variables, viz.
Fαβ =
ℓmax∑
ℓ,ℓ′=ℓmin
∂Cγκℓ
∂ϑα
[
Γ
γκ
ℓℓ′
]−1 ∂Cγκℓ′
∂ϑβ
, (5.5)
where we sum over all the multipoles because Γγκℓℓ′ is diagonal in ℓ and ℓ
′.
6 Results
As previously discussed, we characterise the potential of the cross-correlation technique in
terms of two analyses. First, in order to determine the minimal 〈σav〉 (or Γd) that correspond
to a 5σ DM detection, we construct the Fisher matrix given in Eq. (5.5) by varying over the
full parameter set, ϑ. Astrophysical parameters Ai will be marginalised over by integrating
them out in the global likelihood, whilst the DM parameters mDM and 〈σav〉 or Γd will be
retained. For each value of the DM mass, we determine the value for 〈σav〉 or Γd that is
5 times larger than its estimated error, as computed from Eq. (5.1). This corresponds to
the minimal 〈σav〉 or Γd above which it will be possible to discriminate (with a 5σ CL, or
larger) between an interpretation of the cross-correlation data in terms of astrophysics-only
and an interpretation that requires a DM component. Notice that, when obtaining the 5σ
CL detection, we do not assume a specific fiducial model for the DM particle parameters
but we rather leave them free to vary. We call this first analysis the determination of the
detection reach of the cross-correlation technique, and its results will be presented in Sec. 6.1.
As a second step, we forecast the precision that can be achieved in the reconstruction of
the particle DM parameters. To do this, we assume a few benchmark DM models by fixing
mDM, 〈σav〉 (or Γd). We derive the 1σ and 2σ marginal errors with which those quantities
can be determined from the cross-correlation measurement, according to the marginal error
estimate of Eq. (5.1). As before, the astrophysical parameters Ai are marginalised over. We
refer to this analysis as parameter reconstruction, and its results will be presented in Sec. 6.2.
6.1 Detection reach
6.1.1 Impact of clustering scenario and astrophysical modelling
We start by discussing the case of annihilating DM. In Fig. 9 the region above the lines is the
portion of the (mDM, 〈σav〉) parameter space where the cross-correlation provides a 5σ (or
larger) detection of the DM particle. Here, we refer to the DES+Fermi-10yr combination. All
our results are obtained by marginalising over the Ai parameters which define our uncertainty
on the size of the 1-halo of the APS of the γ-ray astrophysical sources. For these parameters
6Nonetheless, note that other, non-additive systematics may have an impact, such as shape bias in the
case of cosmic shear.
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Figure 9. Coloured lines denote the level above which the cross-correlation APS between cosmic
shear and γ-ray emission provides a 5σ detection of an annihilating DM signal. A bb¯ annihilation
channel is assumed. Line colours refer to different clustering models: green for ns, red for low and
blue for high. The γ-ray emission from astrophysical sources is included in the computation of the
cross-correlation signal and line styles differentiate between model A (solid) and model B (dashed).
Results refer to the combination of DES with Fermi-10yr. The horizonthal grey line denotes the
‘thermal’ cross section, 3× 10−26 cm3s−1.
we assume priors in the ranges outlined in Sec. 3.2.5: ABLA and ASFG between 0.1 and
10, and AmAGN between 0.33 and 3. The three set of lines refer to the three different DM
clustering scenarios: high (lower, blue), low (middle, red) and ns (upper, green), and
are shown for the two different astrophysical scenarios called model A (solid) and model B
(dashed) in Sec. 2.2.
As a first result, we notice that the difference between model A and model B for the
astrophysical γ-ray emitters reflects into a factor of ∼ 2 vertical shift in the detection reach.
This observation provides an estimate of the uncertainty currently inherent in the modelling
of astrophysical γ-ray sources. Assuming the high model (blue line), our results show that
a 5σ detection is possible for a DM particle with a thermal annihilation cross section of
3× 10−26 cm3s−1, if the mDM is smaller than 500 GeV (150 GeV in case of model B). In the
more conservative case of the low subhalo model, the detection reach scales up by an order
of magnitude (red line), whilst for the ns case the green line exceeds 10−24 cm3s−1 over most
of the DM mass range. Note that the ns scenario is very conservative and likely unphysical in
assuming that no DM structures are present below Mmin = 10
7M⊙. However, it represents
a guaranteed DM component that would be unrealistic, within the WIMP framework, to
neglect.
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Figure 10. Left: Solid lines show the 2σ upper limits that can be derived from a non-detection of
an annihilating DM signal from the analysis of the cross-correlation APS between cosmic shear and
γ-ray emission, for the combination of DES with Fermi-10yr. (Same notations as in Fig. 9.) Right:
Comparison of the 2σ upper limit that can be derived from the cross-correlation study, with bounds
obtainable from γ-ray autocorrelation and EGB total intensity. The plot shows the ratio of the bounds
that can be derived from the measured γ-ray auto-correlation APS (dashed) and the measured EGB
intensity (dotted) with the bounds obtained with the cross-correlation. Red, blue and green lines
refer to the low, high and ns substructure DM modelling, respectively. Model A of astrophysical
emission is employed, but similar results are obtained for model B.
6.1.2 Reconstructed bounds in case of null-detection
Fig. 9 illustrates the minimal cross section for which a cross-correlation signal corresponds
to a 5σ detection of the DM particle. If a signal is not detected, it is otherwise customary to
derive upper bounds on the annihilation rate as a function of the DM mass. Fig. 10 shows the
expected DES+Fermi-10yr 2σ upper limits that can be obtained from the cross-correlation
between γ-ray emission and cosmic shear. Within the Fisher matrix formalism, forecast can
be computed only assuming a fiducial model. The upper limits on the annihilation rate are
thus obtained from the Fisher matrix of Eq. (5.5) with a 〈σav〉 = 0 DM fiducial model. The
left panel of Fig. 10 shows the 2σ upper bounds by adopting the same notations of Fig. 9.
The right panel instead compares the ratio of the 2σ upper bounds for cross-correlation
with the bounds that can be derived from the measured γ-ray auto-correlation APS and the
measured EGB intensity. These limits are obtained again from a Bayesian analysis, but using
public data, thus without the need of a fiducial model. We employed the EGB estimated
by the Fermi-LAT Collaboration [3] (adding up in quadrature statistical and systematic
errors given in their Table 3) and the auto-correlation APS estimated in four energy bins
in Ref. [26] (as provided in their Table II, averaged in the multipole range 155 ≤ ℓ ≤
504). For both probes, the model prediction has been computed using the same DM and
astrophysical modeling as in the cross-correlation analysis. The plot depicts the ratio of the
bounds obtained from the γ-ray auto-correlation APS (dashed lines) or EGB (dotted lines)
to those provided by the cross-correlation APS discussed in this paper. Red, blue and green
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Figure 11. Coloured lines denote the level above which the cross-correlation APS between cosmic
shear and γ-ray emission provides a 5σ detection of an annihilating DM signal. In each panel, from
top to bottom, lines stand for the µ+µ− (green), bb¯ (red) and τ+τ− (blue) annihilation channels.
DM clustering model is high and astrophysical sources are modelled with model B. The thin grey
line indicates the ‘thermal’ cross section, 3 × 10−26 cm3s−1. The two panels refer to the case of
DES+Fermi-10yr (left) and Euclid+‘Fermissimo’ (right).
lines refer to the low, high and ns substructure DM modelling, respectively. Model A of
astrophysical emission is employed here, but similar results are obtained for model B.
This plot clearly shows that the cross-correlation technique always provides more strin-
gent bounds: by a factor of 5-50 (depending on the particle DM mass and DM clustering
model) more constraining than those from the intensity alone; by a factor 100-300 tighter than
those derived from the γ-ray auto-correlation APS. As explained in Paper I and in Secs 2 and
4, the information provided by the cross-correlation with the cosmic shear manages to isolate
the DM signal in the EGB, even when the EGB intensity and its auto-correlation APS are
dominated by astrophysical sources. In turn, this arises from the fact that the window func-
tions of DM-induced emission and of astrophysical sources have quite different behaviours. In
particular, DM preferably emits at low redshifts, whilst the astrophysical components peak
at a larger redshift (see Fig. 1). This information is lost when measuring the EGB intensity
alone (either as total emission, or through the auto-correlation of its anisotropies), but it
can be recovered by cross-correlating it with cosmic shear, which provides valuable redshift
information. In addition, the importance of the 1-halo term and the predicted shape of the
APS are different between the case of DM-induced and astrophysical emission. This provides
an extra handle that is lost when averaging over the sky.
6.1.3 Impact of experimental setup
The 5σ detection reach for additional annihilation channels and detector configurations is
shown in Fig. 11: the left panel refers to DES+Fermi-10yr, whilst the right panel shows
what can be achieved by future detectors by reporting the results for the combination of
Euclid and ‘Fermissimo’. The DM clustering model is set to high and the astrophysical
– 29 –
Figure 12. Level above which the cross-correlation APS between cosmic shear and γ-ray emission
provides a 5σ detection of an annihilating DM signal in the bb¯ channel. The median line (dashed)
refers to Euclid+‘Fermissimo’, high substructure scheme and model B for astrophysical sources. The
upper line (thin dashed) shows the change when we replace the high with the low model. The lower
(solid) line depicts the modification when model A is used instead of model B.
γ-ray sources are modelled according to model B. In both panels, from top to bottom the
lines refer to the µ+µ−, bb¯ and τ+τ− annihilation channels. We notice that detection reach is
similar for hadronic channels and the tau scenario, whilst it is about one order of magnitude
weaker for the muon case. Let us also note that for masses larger than the TeV, inverse
Compton scattering on the CMB due to the electrons produced by the muon decays (here
neglected for simplicity as mentioned in Sec. 2.1.1) can increase the γ-ray emission for this
channel and therefore improve the detection reach in the high-mass range.
The improvement from DES+Fermi-10yr to Euclid+‘Fermissimo’ is manifest: the weaker
signal arising from the µ+µ− channel could arise in detection for thermal DM up to masses
of 100 GeV, while for the other channels there are detection prospects in wide portions of
the parameter space, including thermal relics for masses up to the TeV scale. From the
discussion of Fig. 9 we can also comment that in case of low DM clustering, the detection
curves worsen by about a factor of 6 (for a bb¯ channel, this implies shifting the detectability
of a thermal DM from a mass of 1 TeV down to 100 GeV), while in the case of model A
they improve by a factor of 2 (raising the detectability of the thermal DM mass from 1 TeV
to several TeV, again for a bb¯ channel). This is explicitly shown in Fig. 12, where the Eu-
clid+‘Fermissimo’ 5σ detection reach for the bb¯ channel already shown in the right panel of
Fig. 11 (red dashed line), is here confronted with the reach obtainable in the low scenario
(upper red thin dashed line) and for model A of astrophysical sources (lower red solid line).
The case for DM decay is shown in Fig. 13. From top to bottom, the lines show the
5σ detection reach for the µ+µ− (green), bb¯ (red) and τ+τ− (blue) decay channels, for the
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Figure 13. Coloured lines denote the level above which the cross-correlation APS between cosmic
shear and γ-ray emission provides a 5σ detection of decaying DM signal with Euclid+‘Fermissimo’.
From top to bottom, the lines stand for the µ+µ− (green), bb¯ (red) and τ+τ− (blue) decay channels.
Astrophysical sources are modelled with model B.
Euclid+‘Fermissimo’ configuration. Astrophysical sources are modelled with model B.
6.2 Parameter reconstruction
We now turn to the discussion of the prospects of the different experimental setups for the
reconstruction of the particle DM parameters. We consider a set of representative benchmark
cases: for annihilating DM we take mDM = 10, 100, 1000 GeV and a common value for the
annihilation cross section, viz. the thermal case 〈σav〉 = 3 × 10−26 cm3s−1. For decaying
DM, the masses considered are mDM = 20, 200, 2000 GeV (to give the same energy end-
points in the γ-ray spectra as in the case of annihilation), and a representative value Γd =
0.33 × 10−27 s−1 for the decay rate, corresponding to a decay lifetime of 3× 1027 s.
We start by considering an annihilating DM candidate. Fig. 14 shows the forecasts on
the reconstruction of the DM properties achievable with the combination of DES+Fermi-10yr
for the bb¯ annihilation channel and the high clustering model. Filled areas (dashed ellipses)
refer to model A (B) for the astrophysical γ-ray sources and denote joint 1σ contours in
the (mDM/mfid, 〈σav〉) plane, where mDM is the reconstructed mass and mfid is the fiducial
benchmark mass.7 As in the previous section, we marginalise over the Ai factors. We notice
that the tomographic-spectral approach has the potential of resolving a DM signal and of
measuring DM properties over a wide range of masses. The two lighter benchmark cases,
mDM = 10 and 100 GeV, can be accurately reconstructed with both mass and cross section
7This is done for illustrative purposes only, as it renders easier for the reader to compare the relative
constraining power as it varies as a function of the fiducial mass.
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Figure 14. Forecasts on the reconstruction of the DM mass and annihilation cross section, achieved
by the combination of DES and Fermi-10yr, for the bb¯ annihilation channel and the high clustering
subhalo model. Results refer to a benchmark thermal cross section, 〈σav〉 = 3 × 10−26 cm3s−1.
Marginal error contours are plotted in terms of the ratio mDM/mfid where mDM is the reconstructed
mass and mfid is the fiducial benchmark mass, i.e. 10 GeV (blue), 100 GeV (green) and 1 TeV (red).
Filled areas (dashed ellipses) refer to model A (B) for the astrophysical γ-ray sources and show 1σ
contours.
determined with a precision better than 30%. As can be seen in Eq. (2.3), this happens
because lighter DM particles imply larger γ-ray fluxes, as a consequence of the dependence
of the signal on the particle number density squared, namely n2 = ρ2mDM
−2. For the 10
and 100 GeV mass benchmarks, the end-point of the DM-induced γ-ray spectrum is located
within the energy range considered in our analysis (i.e. between 1 and 300 GeV) and it
is thus easier to discriminate a DM-induced energy spectrum from the featureless power-
laws characterising astrophysical sources. On the other hand, this is not the case for the
benchmark at 1 TeV.
The left panel of Fig. 15 illustrates the improvement that can be achieved by consider-
ing future experiments. Results refer again to the benchmark scenario with a mass of 100
GeV, thermal cross section and bb¯ channel, but now a more conservative low clustering
scenario is assumed. Red contours are for a combination of DES+Fermi-10yr (and can be
compared to the analogous contours for the high case in Fig. 14), whilst the green contour
refers to Euclid+‘Fermissimo’. The impact of considering Euclid and a γ-ray detector with
improved energy and angular resolution is dramatic: it would shrink the errors achievable
with DES+Fermi-10yr by more than a factor of 3, and allow for a reconstruction of DM
properties with a 20-30% precision, even with the low clustering model. The results out-
lined here refer to model B for astrophysical γ-ray sources; with model A the reconstruction
capabilities would be further enhanced. The yields in the parameter reconstruction shown in
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Figure 15. Forecasts on the reconstruction of the DM mass and annihilation cross section, for a DM
particle with a mass of 100 GeV, thermal annihilation cross section and bb¯ annihilation channel. The
low clustering model is assumed and astrophysical γ-ray emission is taken from model B. Contours
show the 1σ CL reconstruction. Left: Red contours refer to DES+Fermi-10yr , whilst green regions
correspond to Euclid+‘Fermissimo’. For each set of curves, solid lines correspond to marginalisation
of the parameters Ai over the range of priors mentioned in the text, whilst dashed line refer to
marginalisation without prior assumptions. Right: Magenta contours refer to the case in which
neither redshift nor energy binning is considered. Green (blue) lines show the case where only the
binning in redshift (energy) is considered, whilst for the red contours the full tomographic-spectral
analysis is implemented. The combination Euclid+‘Fermissimo’ is assumed. In this plot, Ai are
marginalised over without additional prior assumptions.
Fig. 15 (left panel) is due to a larger statistics, a finer redshift resolution that in turn enables
us to perform a finer tomographic slicing for the surveyed redshift ranges (from 5 bins for
DES to 10 bins for Euclid, see Tab. 2), and to improved γ-ray energy resolution (from 6 en-
ergy bins adopted in the Fermi-10yr analysis to 8 bins for ‘Fermissimo’) and angular beam
(from an average of 0.18 to 0.027). Once data will become available, these specifications will
clearly be optimised, e.g. by adopting the measured energy dependence in the γ-ray detector
angular resolution function, or by optimising the energy binning of the data.
Fig. 15 (left panel) also allows us to see that the use of priors when marginalising over
the parameters Ai only mildly affects the results. Furthermore, we verified that a different
choice for the fiducial values of Ai (within the range of priors mentioned above) would have
a very minor impact.
To have a deeper understanding on the interplay of the different elements entering the
cross-correlation analysis, Fig. 15 (right panel) depicts how the adoption of tomographic
and spectral information operated in the reconstruction of the DM particle-physics prop-
erties. Results are presented for the same benchmark model of the left panel, in the Eu-
clid+‘Fermissimo’ scenario. The magenta contour refers to the case in which no binning
is considered in the analysis of the cross-correlation data, neither in redshift nor in energy.
In this case, although bounds can be determined, the parameter reconstruction is limited
by a strong degeneracy between mass and cross section. Indeed, in this case, the cross-
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correlation is simply constraining the strength of the DM component. This can be seen in
Eq. (2.3), where the signal depends on the quantity S = 〈σav〉/mDM2 ×
∫ Emax
Emin
dNa/dEγ ,
where Emax = mDM if mDM is smaller than the maximal detector energy E
det
max (which in
our analysis for Euclid+‘Fermissimo’ is 1 TeV, see Table 3). This implies that the cross-
correlation is constraining the quantity S ∼ 〈σav〉/mDM (or S ∼ 〈σav〉/mDM2×Edetmax), giving
rise to the degeneracy between mass and annihilation cross section.
Otherwise, if the binning in z is performed (green contour), tomography shrinks the
contour size. However, this information is still not enough to close the contour, since no new
independent piece of information is provided on the mass or the cross section. On the other
hand, if we only include the binning in energy (blue contour), the spectral information alone
can allow the cross-correlation to determine closed contours in the reconstruction of both
mDM and 〈σav〉. As we commented before, this comes from the fact that the DM-induced
γ-ray spectrum is quite different from astrophysical spectra, which are typically simple power-
laws. Finally, further including the binning in redshift enables the full exploitation of the
complementarity between the spectral and tomographic information. The red contour are
now closed and even tighter, corresponding to a good reconstruction of the DM properties.
We wish to comment that whenever a contour includes the case with 〈σav〉 = 0 (i.e.
‘open’ ellipses), this implies that the technique we are using is only able to provide an upper
limit on the annihilation cross section. This is because, in order to derive the contours, we
employ the Fisher formalism, computing the derivatives in Eq. (5.5) at the fiducial mDM and
〈σav〉. A Gaussian likelihood is assumed, but this approximation clearly breaks down when
〈σav〉 goes to zero. Therefore when an ellipse includes 〈σav〉 = 0, only the upper part should
be considered (as the corresponding upper limit), while the lower part of the ellipse has no
statistical meaning. For example, the lower edge of the solid pink contour in Fig. 15, going
rapidly to zero in the range mDM = 300 − 500 GeV, is just indicative.
Let us now move to additional annihilation channels. In Fig. 16, we show our forecasts
for a DM particle with a mass of 100 GeV an a thermal cross section. The low scenario and
Euclid+‘Fermissimo’ are assumed. Red areas represent the case of a bb¯ annihilation channel
(the same considered in the previous figures, reproduced to ease comparison), whilst blue
stands for τ+τ− and green for µ+µ− annihilation channels. The left and right panel show
the impact of the astrophysical assumption, model A and B respectively. The size of the
contours is mostly set by the efficiency of the channel in producing photons. A larger photon
yield, as for the bb¯ and τ+τ− cases, increases the sensitivity of the cross-correlation technique
(see also Fig. 11) and in turn the capability of reconstructing mass and annihilation rate.
The case of muons as final states produces a smaller amount of photons and is hence the
one with the worst forecast. Indeed, it is easy to see that contours are not closed in the
region plotted of Fig. 16. Another aspect to be taken into account is that different channels
have different spectral shapes and some of them can mimic the astrophysical emission, thus
making the reconstruction of the DM signal more difficult. This has however less impact
than the emitted photon multiplicity.
We now consider the case of a decaying DM candidate. We compute the precision that
can be achieved by the γ-ray and cosmic-shear cross-correlation in the reconstruction of its
mass, mDM, and decay rate, Γd, again for a few specific benchmark scenarios. In Fig. 17 (left
panel), we illustrate the marginal error contours for a DM particle with a mass of 20, 200 GeV
and 2 TeV (blue, green and red regions, respectively). The decay rate is fixed at a common
value of Γd = 0.33×10−27 s−1, just for definiteness. The analysis refers to the combination of
Euclid+‘Fermissimo’. Analogously to the case of annihilating DM, the reconstruction power
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Figure 16. Forecasts on the reconstruction of the DM mass and annihilation cross section, for a
DM particle with a mass of 100 GeV and thermal annihilation cross section. The low clustering
model, model A (left panel) and B (right panel) for astrophysical γ-ray emission and the combination
Euclid+‘Fermissimo’ are assumed. The red, green and blue contours refer to the case of annihilations
into bb¯, τ+τ− and µ+µ−, respectively. The filled areas show the 1σ CL reconstruction.
is extremely good. Both the mass and the decay rate can be potentially determined with a
high level of accuracy.
The right panel of Fig. 17 otherwise depicts the effect of redshift and energy binning,
for a benchmark case at mDM = 200 GeV. As for annihilating DM, the spectral information
is crucial in the reconstruction of the DM mass. The same comments of Fig. 15 (right panel)
apply here, with the notable difference that in the case of decay, Eq. (2.5) shows that the
signal has a different dependence on the DM mass, namely S = Γd/mDM ×
∫ Emax
Emin
dNa/dEγ .
This implies that whenever mDM < E
det
max/2 (E
det
max = 1 TeV, in the case of Fig. 17), the signal
behaves as S ∼ Γd, with no relevant dependence on the DM mass. This explains the flat
behaviour of the contours in for small DM masses. Otherwise, when mDM > E
det
max/2, the
signal roughly scales as S ∼ Γd/mDM×Edetmax, which explains the orientation of the contours.
This argument also explains why the reconstruction capabilities (shown in the left panel) are
similar at different DM masses. For smaller masses, the sensitivity is lost due to the fact that
most of the produced photons fall below the detector threshold, which we fix at 300 MeV for
‘Fermissimo’.
To summarise the results on the capability of reconstructing DM properties with the
cross-correlation expected from Euclid+‘Fermissimo’, we report in Table 4 the 1σ marginal
errors for three benchmark models in the case of annihilating DM (two leftmost columns)
and decaying DM (two rightmost columns). A bb¯ spectrum is assumed, together with the
low clustering scenario. As usual, the astrophysical components are marginalised over. In
the annihilating case, the benchmark refers to the thermal cross-sections. Tighter errors
refer to model A for the astrophysical γ-ray sources, wheras looser constraints (quoted in
parenthesis) to model B. In this case, we see that both mDM and 〈σav〉 can be reconstructed
with an uncertainty smaller than 20% (35%) for model A (B) up to DM masses of the order
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Figure 17. Forecasts on the reconstruction of the DM mass and the decay rate, for a DM particle
with a fiducial decay rate of Γd = 0.33 × 10−27 s−1 and decay channel into bb¯. Results refer to the
combination Euclid+‘Fermissimo’. Left: Forecasts for three benchmark masses, 20 GeV (blue), 200
GeV (green) and 2 TeV (red). Filled areas (dashed contours) refer to model A (B) for the astrophysical
γ-ray sources. Marginal error contours are plotted in terms of the ratio mDM/mfid where mDM is
the reconstructed mass and mfid is the fiducial benchmark mass. Right: Forecasts for a DM particle
with a mass of 200 GeV. The magenta contours refer to the case in which no binning is considered,
neither in redshift nor in energy. Green (blue) curves show the case where only the binning in
redshift (energy) is considered, whilst for the red contours the full tomographic-spectral analysis is
implemented. The contours show the 1σ CL reconstruction. In this right plot, Ai are marginalised
over without additional prior assumptions.
mDM [GeV] 〈σav〉 [10−26 cm3s−1] mDM [GeV] Γd [10−27 s−1]
10± 0.52 (0.78) 3± 0.22 (0.32) 20± 4.2 (6.7) 0.33 ± 6.2 (9.1) × 10−3
100 ± 18 (34) 3± 0.72 (1.6) 200± 17 (31) 0.33 ± 3.3 (6.4) × 10−3
1000 ± 1000 (2500) 3± 3.9 (10.1) 2000 ± 110 (230) 0.33 ± 2.0 (4.3) × 10−3
Table 4. Forecast joint 1σ marginal errors for three benchmark particle DM models. The two leftmost
columns are for annihilating DM low, whilst the rightmost ones for decaying DM. Results are for a
bb¯ channel and refer to Euclid+‘Fermissimo’. All Ai parameters encoding the normalisation of the
astrophysical components are marginalised over with the addition of the prior mentioned in the text.
Tighter errors refer to model A for the astrophysical γ-ray sources, looser constraints (in parenthesis)
to model B.
of 100 GeV, while the reconstruction capabilities degrade for DM masses at the TeV scale.
In the decaying DM case, the relative uncertainties, on the contrary, reduce at large masses,
as already noticed in the left panel of Fig. 17.
7 Conclusions
In this work we provide realistic prospects for the detection of DM in the cross-correlation be-
tween the extragalactic γ-ray background (EGB) and the weak-lensing signal of cosmic shear.
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The idea was originally proposed in Paper I [2]. Here, the concept is further investigated by
adopting a tomographic-spectral approach. We also improve our modelling of the EGB, in
particular of its astrophysical components. Unresolved astrophysical sources contribute to
the EGB and they represent a background that has to be properly modelled and understood
in order to have access to the DM component. Our description of the EGB includes the
contributions from unresolved blazars, misaligned AGNs (mAGNs) and star forming galaxies
(SFGs), alongside with γ rays induced by DM annihilations or decays. For each astrophysical
population, we discuss an important ingredient for the computation of their correlation with
the lensing signal, i.e. the relation between the γ-ray luminosity of a source and the mass of
the host DM halo M(L). We find that such a relation is quite unknown but it has only a
moderate impact on the prospects for the detection of DM.
We discuss how the uncertainties related to the clustering of DM at low masses affect
the cross-correlation signal. In particular, we focus on the dependence of the signal on the
value of minimal halo mass Mmin and on the amount of subhaloes.
Finally, we adopt the Fisher matrix approach to derive forecast for a combination of
current and future detectors including, Fermi-LAT, DES, Euclid and a future γ-ray detector
dubbed ‘Fermissimo’. We determine the minimum annihilation cross section or decay rate
that allows us to detect a DM particle from the measurement of the cross-correlation signal,
and estimate the precision in the reconstruction of the DM properties (its mass and annihi-
lation or decay rate) that can be reached by analysing the data of those experiments through
the technique of cross-correlation.
The main conclusions of this paper can be summarised as follows:
• The γ-ray emission expected from mAGNs and SFGs can contribute significantly to the
cross-correlation signal and they represent an important background for the detection
of DM (see Fig. 7). In the most optimistic scenario for annihilating DM (high), the
cross-correlation induced by DM is comparable in intensity to that produced by astro-
physical γ-ray emission (see Fig. 8). However, this is not enough to compromise the
detection of a DM signal. We note also that this case would produce a subdominant
(negligible) DM contribution to the total EGB (γ-ray auto-correlation APS). In the
future, the discovery of new SFGs and mAGNs will improve our understanding of these
populations, facilitating even more the reconstruction of the DM component.
• The intensity of the DM component to the cross-correlation depends on the way DM
clusters at low masses. Predictions can vary over two orders of magnitude, as it can
be seen in Figs 4 (left panel) and 8. We note that similar uncertainties affect the EGB
induced by DM.
• In the case of annihilating DM, the measurement of the cross-correlation in the data
from DES and Fermi-10yr has the potential to detect a DM particle with an annihilation
cross section smaller than the thermal value of 3×10−26 cm3s−1, for a DM mass smaller
than 500 GeV. This result refers to the high subhalo scenario and favorable models
of astrophysical γ-ray sources. The predicted DM signal is reduced by a factor of ∼10
for the more conservative low scenario, and by a further factor of 20 for the more
pessimistic case named ns (see Fig. 9). We note that this last possibility is quite
unlikely but it corresponds to a guaranteed signal that cannot be neglected. In the
case of less favorable astrophysical sources scenario, the detection reaches are degraded
by a factor of 2.
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• The prospects for detection significantly improve with the inclusion of Euclid data.
Indeed, for the combination of Euclid and ‘Fermissimo’, a thermal annihilation cross
section will correspond to a DM detection over the whole range of masses considered
here (10 GeV to 1 TeV) and for all annihilation channels (except for annihilations into
muons), in the high scenario. With this experimental setup, cross sections as low as
8× 10−28 cm3s−1 are still able to provide a detection of DM, at least for masses of the
order of 10 GeV.
• The power of the proposed technique comes from the combination of the three inde-
pendence sources of information: i) the different redshift scaling between astrophysical
and DM components (see Fig. 1); ii) their different energy spectrum (see Fig. 2); and
iii) the fact that the DM signal is dominated by the largest DM haloes (producing a
large gravitational lensing effect) whilst astrophysical sources are normally hosted in
smaller structures with M ≪ 1014M⊙. The tomographic-spectral approach provides
an excellent sensitivity to DM even when such a component is only subdominant in the
total intensity or in the auto-correlation APS.
• In the absence of a DM detection (i.e. the cross-correlation is found to be compatible
with the astrophysical components only), the measurement can be used to derive 2σ
limits on the annihilation cross section (see Fig. 10). The upper limits already achiev-
able in the near future with DES+Fermi-10yr for the high case can be more stringent
than the bounds obtained from the observation of the dwarf spheroidal galaxies per-
formed by Fermi-LAT [95] and from the observation of the Galactic halo from H.E.S.S.
[96] (these limits represent, at the moment, the strongest constraints on annihilating
DM). This will become the case also for the low subhalo model with the combination
of Euclid+‘Fermissimo’. Fig. 10 shows how a measurement of the cross-correlation sig-
nal, potentially available on a timescale of 1–2 years, could become already competitive
with long-standing strategies for the indirect detection of DM. Even in the unlikely ns
scenario, our method would be more constraining than what has been achieved to date
by Imaging Cherenkov Telescopes from observations of dwarf spheroidals [see e.g. 97].
• When used to reconstruct the properties of the DM particle, the cross-correlation
yields very tight constraints. If the DM is a particle with properties similar to a
canonical WIMP (i.e., mass around 100 GeV and annihilation rate of the order of
3×10−26 cm3s−1), mDM and 〈σav〉 can be reconstructed at the 20–30% level for a com-
bination of data from DES and Fermi-10yr in the high clustering scenario (see Fig. 14)
and Euclid and ‘Fermissimo’ in the low scenario (see Fig. 15 and Table 4).
• Similar conclusions apply to the decaying DM case. However, when compared to Galac-
tic probes, the extragalactic signal from decaying DM is less promising than in the case
of annihilating DM. Indeed, the latter signal scales with ρ2DM and can acquire a large
boost factor from big structures in the Universe (possibly hosting a large amount of
substructures). This fact can significantly enhance the reach of extragalactic signa-
tures with respect to the Galactic ones, while it does not happen in the decaying DM
scenario, which scales linearly with ρDM.
In conclusion, the cross-correlation between cosmic shear and diffuse γ-ray emission
represents a very powerful mean of investigation for particle DM. A cross-correlation signal
robustly interpreted in terms of DM would establish DM as a particle, against alternative
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interpretations based on modifications of Einstein’s general relativity [2]. Such a measure-
ment would also allow us to reconstruct the properties of the DM particle (e.g. its mass and
annihilation or decay rate) to a good level of precision for a relevant fraction of its parameter
space.
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A The M(L) relation for misaligned Active Galactic Nuclei
In Sec. 3.2.3, the γ-ray luminosity of mAGNs has been related to the mass M• of the SMBH
at the center of the AGN, exploiting the fact that both are correlated to the core radio
luminosity Lr,core. However, this procedure results in estimates forM• that are too large (see
dashed blue line in Fig. 18a). Moreover, the link between M• and Lr,core is not completely
well-established (see Refs. [48, 80]). Therefore, we decide to consider also an alternative
approach, based on the information available in the literature about the mAGNs detected
by Fermi-LAT. Among the 15 mAGNs discussed in Ref. [9], we found measurements for the
central SMBH for 12 of them. More precisely: see Ref. [80] for NGC 1218. Cen A, 3C 120,
PKS-0625-35, 3C 84, Ref. [98] for NGC 1218, 3C 120, 3C 380, 3C 84, NGC 1275, Ref. [99]
for NGC 1218, NGC 1275, Ref. [82] for M 87, Ref. [100] for Cen A, Ref. [101] for For A,
Ref. [102] for 3C 111 and Ref. [103] for IC 310. When more than one measurement is available
for the same object, we consider the average and we also sum the error in quadrature. If
the resulting error is smaller than 50% of SMBH mass, we artificially increase it to 50% of
M•, in order to be conservative. The masses, estimated in this way, are coupled to the γ-ray
luminosity taken from Ref. [9] and the 12 data points are plotted in Fig. 18a. The solid red
lines shows the result of a fit assuming a power law relation between the two quantities.
Finally, the relation between the mass of the SMBH and the host DM halo is taken
from Ref. [77] (which inherits it from Ref. [81]). However, we normalise it in order to pass
through the point (M• = 6.6 × 109M⊙, M = 2.2 × 1013M⊙) [82, 83], corresponding to the
case of M 87.
This relation combined with the power law fit of M•(L) (red curve in the left panel)
gives the solid red line in Fig. 18b. The dashed black line shows how the relation would look
like without the renormalisation to the case of M 87.
For 4 mAGNs we also find estimates for the mass of ther DM halo. Specifically we
consider Ref. [83] for M 87, Refs [104, 105] for Cen A, Ref. [106] for For A and Ref. [107]
for NGC 12758. For Cen A, two values are available and we consider the average of the two.
8For NGC 1275, Ref. [107] only provides an estimate of the stellar mass. We estimate the DM halo mass
by assuming a value of 0.05 for the ratio between stellar and DM mass.
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Figure 18. Left: SMBH mass as a function of γ-ray luminosity. The 12 data points correspond to
the 12 MAGNs from the sample analyzed in Ref. [9] for which it was possible to find measurement
of the mass of their central SMBH M• (see text for details). The latter is plotted against the γ-ray
luminosity L between 0.1 and 100 GeV taken from Ref. [9]. The solid red line shows the result of a
power law fit to the data. The dashed blue line indicates the M• −L relation obtained by exploiting
the correlation of the two quantites with Lr,core (following Ref. [48]). Right: Halo mass as a function of
γ-ray luminosity. The solid red line is obtained by combining the fit to the data in the left panel with
the M• −M relation from Ref. [77], renormalised to reproduce the properties of M 87. The dashed
black line shows how the red line would look like without renormalising the M• −M correlation to
the case of M 87. The dashed blue line presents the M(L) obtained by using the Lr,core−M• relation
from Ref. [48] (see blue dashed line in left panel) together with the M• −M relation from Ref. [77]
renormalised to M 87. The 4 data points correspond to the only 4 mAGNs in Ref. [9] for which is
was possible to find estimates of the mass of their DM haloes. See text for details and references.
The error in the DM halo mass is taken to be 50% of the estimated mass. These data for
these 4 mAGNs are plotted in Fig. 18b, together with their γ-ray luminosity from Ref. [9].
Despite having too few points to derive firm conclusions, we note that the data are not
located far away from the solid red line, while well below the dashed blue line. The latter
shows the M(L) obtained by combining the M −M• relation from Ref. [77] (renormalised
to reproduce the properties of M 87) and the Lr,core −M• relation from Ref. [48] (see blue
dashed line in the left panel). This represents our benchmark M(L) relation employed in
the rest of the paper. We note that it may over-estimate the halo mass, although it should
be kept in mind that the four data-points considered might be not representative. A large
value for the mass of the host DM halo would correspond to a generous 1-halo term in the
3-dimensional power spectrum and, thus, a conservative estimate of how the cross-correlation
of mAGNs may compete with a DM signal.
B The M(L) relation for star-forming galaxies
In Sec. 3.2.4, the mass of the DM halo hosting a SFG is derived from its γ-ray luminosity
via the determination of its SFR. Here, we discuss how to derive the M(L) empirically,
based on the few SFGs detected by Fermi-LAT for which we could find measurements for
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Figure 19. The relation between γ-ray luminosity and the host DM mass for SFGs. The data points
are taken from Ref. [12], whilst the measurements of the DM halo mass are derived from literature or
from rotation curves (see text for details). The thick solid blue lines indicates the result of a power law
fit of the 6 data points. The thin solid blue line show a reasonable uncertainty band, encompassing
the data. The red lines show the results implementing the relation between SFR and DM halo mass
obtained in Ref. [85] (Model III). See text for details. The solid black line represents the fiducial
model adopted in this paper and it is obtained by combining the L-SFR relation from Ref. [12] and
the Kennicutt-Schmidt relation.
the mass of their DM halo. In particular, we consider the MW from Ref. [108] and M31 from
Ref. [109]. For SMC, NGC 253, NGC 1068 and NGC 4945 we refer to the rotation curves in
Refs [110, 111]. These are fitted by a simple model with a DM halo and a disk, leaving the
normalisations of the two components free, as well as the scale radius of the DM halo and
the scale radius of the disk (4 parameters). The fit is performed excluding the first radial
bins (corresponding to the inner region) in order to be independent on possible structures
(e.g. bulges or bars) in the very center of the galaxies.
Fig. 19 present the estimated masses for the DM haloes. The solid thick blue line also
shows the result of a power law fit to the data and it gives the desired M(L) relation. The
thin solid blue lines indicates a reasonable uncertainty band that encompass the data points
considered. We also show the predictions obtained implementing the M−SFR from Ref. [85]
(Model III) and relating the SFR to L as found in Ref. [12]. The solid red line is obtained
with the parameters of Model III fixed to their average value. To estimate the uncertainty
band, we left the two main parameters of their description (i.e α0 and ǫ, see Ref. [85] for their
definition) free to vary. For the thin dashed red lines we take ǫ within its 95% confidence
level region, leaving α0 to its average value. For the thin red solid lines we also vary α0 to
the values corresponding to its 95% confidence level.
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